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Summary
The specific activity of plant NADH-dependent glutamate synthase (NADH- 
GOGAT) in root nodules of Phaseolus vulgaris L., is over three-fold higher than the 
specific activity of ferredoxin-dependent GOGAT. NADH-GOGAT is composed of two 
distinct isoenzymes which can be separated from crude nodule extracts by ion-exchange 
chromatography.
Both NADH-GOGAT isoenzymes have been purified to apparent homogeneity 
and an anti-NADH-GOGAT antibody has been raised against purified NADH-GOGAT 
eluted from a denaturing polyacrylamide gel. They both have been shown to be monomeric 
proteins with similar MfS of about 200,000 and are both specific for NADH as reductant. 
An investigation of their kinetic characteristics has shown slight differences in their Kms 
for L-glutamine, 2-oxoglutarate and NADH, and they have different pH optima, with 
NADH-GOGAT I exhibiting a broad pH optimum of 8.0 whereas NADH-GOGAT II 
has a much narrower pH optimum of 8.5.
Subcellular localization studies have shown that both isoenzymes are located in 
plastids but in different cell types: NADH-GOGAT I is mainly prerent in the plastids of 
outercortex cells whilst NADH-GOGAT II is found to be located in the plastids of inner 
central cells of root nodules of P.vulgaris. NADH-GOGAT II has been found to be only 
present in root nodules and not other organs of P.vulgaris. During nodulation both 
isoenzymes increase in activity but the major increase is due to NADH-GOGAT II which 
increases over a time course similar to the increase in nitrogenase activity. The results 
suggest that the two isoenzymes of NADH-GOGAT play different physiological roles in 
nodule cells: NADH-GOGAT II is mainly responsible for assimilating ammonium 
produced during dinitrogen fixation whilst NADH-GOGAT I could assimilate ammonium 
from other metabolic pathways.
In nodules grown under Ar : 02  and nodules formed with Rhizobium  Fix- 
mutan* CE108, both NADH-GOGAT isoenzymes, especially NADH-GOGAT II, have 
been observed to be expressed at early stages of nodulation but the specific activities of the 
two isoenzymes are low and remain constant at later stages of nodulation. However, 
exogenous NH4+ supplied to nodulated root systems has no effect on increasing the 
activities of the two NADH-GOGATsbut can induce the senescence of the nodules. It 
could be proposed that the initial expression of NADH-GOGAT is independent of 
nitrogen fixation but the level of the two NADH-GOGAT isoenzymes, especially 
NADH-GOGAT II is affected by nitrogen fixation.
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1 .1 . B e n e fits  o f  n itrogen  f ix a tio n  to  agricu lture
In m any  o f  the  w orlds soils and clim atic  cond itions nitrogen is 
the  m ajor n u trien t lim iting  the  grow th  o f  p lan ts . P ro d u c tio n  o f  h ig h - 
quality , p ro te in - r ic h  food is  ex trem ely  d ep en d en t on av a ilab ility  o f 
sufficient n itrogen. A lthough n itrogen  is the  m ost abundant elem ent on 
the earth, only a  few  prokaryotic  organism s can  convert th is  very stable 
gas into a b io log ica l usefu l fo rm  (Sprent, 1979).
The im portance o f  agriculture to  m an has caused  m an y  people not 
on ly  scientists, to  focus th e ir  a tten tion  on the app lica tion  o f  com plex 
n itrogen  to the p lan ts . The p roduction  o f  m ost o f  the w o rld s ' m ain food 
crops, fo r exam p le , w heat, ric e , m aize, barley  and  po ta toes depends on 
the  addition o f  n itrogenous fertilizers inc lud ing  natu ra l o rgan ic  form s 
and synthesized chem ical fo rm s. T he fo rm er is  the  best nu trien t to  the 
p lan t grow th, b u t the sources are  lim ited and d ifficu lt to  app ly . Chem ical 
fertilizers have p lay ed  an im portan t role in ag ricu ltu re  o v e r the  past 50 
years. H ow ever, they  have a  num ber o f  defec ts  at p resen t: nitrogenous 
fertilizers are to d a y  m ostly  m ade from  a tm ospheric  d in itro g en  by  a 
reaction
N 2  +  3 H 2 2N H 3
w hich is know n as  the H aber process, perform ed at h igh  tem perature and
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h igh p ressu re  w ith  th e  aid o f  ca ta ly s t. A pproxim ately , 16kl o f  n a tu ra l 
gas is consum ed in  th e  synthesis o f  1kg o f  fe rtilize r nitrogen (P ostgate , 
1987). In  add ition  to  the co s t o f  syn thesis , th e  fe rtilize r p ro d u c tio n  
needs a  so p h is tic a te d  industry  w h ic h  a lso  invo lves  tran sp o rt an d  
pack in g  costs . C hem ica l fe r tiliz e rs  on ly  h a v e  a  sho rt te rm  e f fe c t  
com pared  to  natu ra l fertilizers. T h e y  are read ily  leached from  the so il, 
w hich  is  not only w astefu l but a lso  a  source o f  environm ental po llu tion , 
particu larly  leached fertilizer con tam inates fresh  w ater supplies. O n th e  
co n tra ry , n itrogen  fixa tion  by  so m e  m icroo rgan ism s does n o t n e e d  
in d u s tria l p ro d u c tio n , pack ing  a n d  tra n sp o rt (P o stg a te , 1987) a n d  
b io log ica l n itrogen fixa tion  is the m a jo r source o f  renew able com bined  
n itrogen  availab le  to  the  b iosphere . C rops fix ing  nitrogen by m eans o f  
endosym biotic  associa tion  are a  m a jo r w orld  sou rce  o f pro te in  and so il 
n itrogen . F or exam ple, legum es m a y  ob ta in  a ll the ir required n itro g en  
from  fixa tion , and m ay  lead to  an  enrichm ent in  so il nitrogen. Facing the  
ev e r-ex p an d in g  w orld  population , i t  is necessary  to focus our atten tion  
on how  to  increase the  productiv ity  o f  the  w orld  crops especially  in  the  
deve lop ing  countries. These coun tries  tend  to  h av e  m uch h igher ra tes  o f  
p o p u la tio n  inc rease  b u t low er in c rea se  in  fo o d  production  and th e y  
canno t affo rd  to b uy  nitrogenous fertilizers . O n e  w ay o f  solving th e se  
p rob lem s is  to  dev e lo p  b io log ica l n itrogen  fixa tion . T hese  econom ic , 
socio log ica l and environm ental considera tions have  led to  an increased  
in terest in  nitrogen fixation  research  in  recent years and particu larly  on  
in teractions betw een nitrogen fix ing  bacteria and  host plants.
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1 .2 . N itro g en  f ix in g  sy m b io se s .
(1) Symbiosis
O nly a few  p rokaryo tes have  th e  ability  to fix  nitrogen. There 
are tw o  k inds o f  nitrogen fix ing  o rgan ism s: bacteria and cyanobacteria. 
S om e o f  th e se , like  th e  b ac te r ia  K l e b s i e l l a  p n e u m o n ia e  a n d  
A zo tobac ter  vinelandii and  the cyanobacte rium  Anabaena cylindrica  are 
cap ab le  o f  f ix in g  n itro g en  in  the f r e e  liv in g  state. O thers only  fix  
n itro g e n  w ith  ce rta in  p la n ts ;  a lth o u g h  som e o f  th e se  sym b io tic  
prokaryotes can  b e  induced to  fix  n itro g en  ou tside the p lant, they do no t 
appear to  do so in  natural conditions.
G enerally , host p lan ts  fo r sym bio tic  n itrogen  fix ing  bacteria tend 
to  b e  advanced p lants, w hereas cy a n o b ac te ria  form  sym bioses m ainly 
w ith  p rim itive ones. N itrogen  fixing p la n t-m ic ro b e  associations vary in 
com p lex ity . T h e  m ost s im p le  one seem s to  be  co lo n iza tio n  o f  the 
rh izosphere  o f  ce rta in  ce re a ls  (e.g. c o m  and  sorghum ) and grasses by 
the so il bac terium  A zo sp ir illu m .  In  th is  case  the  tw o partners live side 
by  side  w ith o u t the fo rm a tio n  o f  s p e c if ic  struc tu res . H ow ever, an 
exchange o f  m etabo lites is  thought to  ta k e  p lace (O kon, 1984). In  the 
c a se  o f  th e  sy m b io s is  b e tw e en  th e  w a te rfe rn  A z o l l a  and  the 
cyan o b ac te riu m  A nabaena  azollae  th e  p lan t develops cavities in  the 
dorsal lobes o f  its leaves in  w hich the  cyanobacte ria  live and reproduce 
but the associa tion  rem ains  ex tracelluar. T he m ost com plex  sym biotic 
a sso c ia tio n , inv o lv es  a c tin o m y ce te s  (F ran k ia ) o r  m em bers  o f  the
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R hizob iaccae. In  th e se  sym bioses the m icrobes  penetrate  the p lant and 
ind u ce  root nodules w here n itrogen  is fixed . F ran k ia  form s sym bioses 
w ith  a  num ber o f  p la n ts ,w h ich  are  n o n - le g u m e  ang io sperm s, fo r 
ex a m p le , A ln u s  and  C asuarina  species , w h e re a s  R h iz o b iu m  form s 
sym biosis w ith legum e plants, w ith  one know n  excep tion : Parasponium, 
w h ich  is the on ly  n o n -le g u m in o u s  genus k n o w n  to  be colon ized  by 
rhizobia.
Am ong a ll the  sym bioses, the legum e -R h iz o b iu m  sym biosis is 
the  m ost w ell understood  and im portan t, and  ac co u n ts  fo r the m ajority 
o f  b io log ica lly  f ix e d  n itrogen  av a ilab le  fo r  a g ricu ltu re . In fection  of 
legum e roots w ith  R h iz o b iu m  species resu lts  in  the  develpm ent o f  a 
ro o t nodu le  s tru c tu re  in  w h ich  the b a c te r ia  fo rm  an  in trace llu la r 
sy m b io s is  w ith  th e  p la n t le ad in g  to  th e  b io lo g ic a l f ix a tio n  o f 
atm ospheric  n itrogen. The sym biosis depends u p o n  exchange o f carbon 
an d  n itro g en  b e tw e en  th e  h o s t p la n t and  R h i z o b i u m .  D uring  this 
associa tion  they are  bene fic ia l to  each  o ther. T h e  legum e can supply 
ca rb o n  and energy  sou rces fo r rh iz o b ia  su rv iv a l and  a lso  a  su itab le 
env ironm ent to  enab le  rh izob ia to  grow  and d iv id e . R hizobia, in turn, 
p ro v id e  fixed n itro g en  in  the fo rm  o f  a m m o n ia  fo r  the legum e. This 
am m o n ia  is then ass im ila ted  in to  o rgan ic  fo rm s  b y  the  functions o f a 
se rie s  o f  am m onia assim ila to ry  enzym es an d  w ill be u tilized  fo r  the 
p lan t grow th. This m utually  beneficia l re la tionsh ip  betw een legum es and 
rh izob ium  species has been know n fo r a  long tim e  and has been already 
app lied  to  agriculture in  cro p  ro tations to  ra ise  so il nitrogen content for 
ce rea l crops grow th. T here is , therefore, a g rea t sc ien tific  and agronom ic
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in terest in  understanding the in teraction  betw een these tw o  organism s in 
the ir sym biosis in o rder to  im prove cro p  production.
( 2 )  Rhizobium
This is a genus o f  gram  n eg a tiv e  so il bac teria  o f  the  fam ily 
R h izob iaceac, w h ich  can  infect and  n o du la te  legum e ro o ts , form ing a 
n itro g en  fixing sym b iosis . O rig inally , R h izo b iu m  w as d iv id ed  into 6 
spec ies  based  on  th e  sp ec ific ity  b e tw e e n  rh iz o b ia  a n d  legum es. 
S p ec ific ity  is an  im p o rta n t c h a ra c te r is tic  o f  leg u m e - R h i z o b iu m  
associations and R h izo b iu m  strains tha t share the capacity  to  nodulate a 
g iven  legum e o r a  g ro u p  o f  legum es o fte n  are  c lassified  a s  a species. 
This is  illustrated in  the  follow ing tab le:
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Table 1.1. Inoculation groups of Rhizobium  species
Legume R. trìfolii R. leguminosarum R. phaseoli R. meliloti R. japonicum R. lupini
Trifolium repens |
(White Clover)
Pisum sativum 
(Garden pea)
+
Phascolus vulgaris 
(Bean)
Mcdicago
(Alfalfa)
Glycine max 
(Soybean)
Lupinus spp 
(Lupin)
+
+
+
+
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T he first fo u r  o f  th e se  R h izo b iu m  species  are also classified  as fast 
g row ers since the  m ean  genera tion  tim e o f  these organism s, grow n in rich 
m ed ium  at 30* C  u n d e r aerobic conditions is 3 - 4  h. The last tw o species are 
c lassified , by com parision , as slow  grow ers w ith  a  m ean genera tion  tim e of 
6 - 8  h . under sim ilar cond itions  (V incent, 1980). R ecently the Rhizobiaceae  
w as reclassified  as R h izo b iu m  fo r those fas t grow ers, B radyrh izob ium  for 
th o se  slow  grow ers (see  a lso  T ab le II).
T he m o lecu lar gene tics o f  rh izob ia h as  been  studied in  som e details 
o v e r the  past 15 years. T h e  specificity  fo r  h o s t range, based  on  the studies 
a t gene tic  level, is n o w  considered  to  be determ ined  in R h izo b iu m  species 
b y  genes on a la rg e  m eg ap lasm id  ca lled  th e  sym bio tic  p la sm id  (pSym) 
w h ic h  con tains n itro g e n  f ix a tio n  (n if), n o d u la tio n  (nod) and  host range 
(/jsn) genes. The sizes o f  sym  p lasm ids range fro m  150 to  1000 kilobases 
(kb). I f  the p Sym  is tra n sfe rre d  from  one rh iz o b ia  species to  another, the 
la tte r  w ill acquire the  ab ility  to  nodu la te  th e  legum e species belonging  to 
the  fo rm er. B ra d yrh izo b iu m  species d o  n o t con ta in  sym bio tic  plasm ids; 
g en e s  involved in  n itro g en  fixa tion , n o d u la tio n  and  host specificity  are 
lo c a ted  in  the ch ro m o so m e instead . T h e  R h izo b iu m  genus appears to  be 
m o re  c lose ly  re la te d  to  A g r o b a c te r iu m  (an o th e r genus o f  the  fam ily  
R h izob iaceae) w h ich  ca u ses  crow n ga ll and  ha iry  root d iseases (Sprent, 
1986) than the B radyrh izob ium  genus.
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T able 1 .2 . Som e properties o f  the genera  
B radyrhizobium  (Sprcnt, 1986)
Rhizobium
Growth rate on standard media 
Host plant specificity 
Fixation o f  N 2 ex planta 
Genetic manipulation 
DNA homology with 
Agrobacterium
fast
restricted
difficult to achieve 
easy
high
R h iz o b iu m  and
Bradyrhizobi um 
slow
promiscuous
easy
more difficult 
lower
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(3 ) Legume
Legum es are norm ally classified as the fam ily  Legum inosae w hich 
are found in both  tem perate and tropical areas though they  are thought to  
b e  o f  tro p ica l o r ig in . T h ey  range in  fo rm  fro m  w e e d - lik e  p lan ts  
(e .g .clover ) th rough flow ering  plants such  as lup ins, o r  bushes such  as 
g o rse , to  trees  (e .g . A c a c ia ). O v e r 1200 sp ec ie s  o f  legum es are 
reco rded , o f  w h ich  abou t 10%  have been  ex a m in ed  fo r  nodu la tion . 
A bou t 50 have been  explo ited  in ag ricu ltu re b u t only 6 - 7  are regularly  
u sed  in  th is w ay. T h e  legum inosae is  subd iv ided  in to  th ree  m ajo r sub­
fam ilies, the P ap ilionaceae, the M im osaceae and  the  C aesalp inaceae as 
show n in T able 1.3.
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Table 1.3. Selected list of leguminosae
Species
1 )Papilionaceae 
Name
Nitrogen Transport 
Compounds 
A sparagine U reide
Common Name
Pisum sativum 
Vicia faba 
Phaseolus vulgaris
Trifolium repens 
Medicago sativa 
Ulex
Lupinus polyphyllus 
Lotus comiculatus 
Melilotus officinalis 
Glycine max 
Arachis hypogaea 
Cicer arietinum 
Vigna unguiculata
2)M im osaceae 
Name
Broad bean 
French or kidney 
bean
White clover
Lucerne
Gorse
Garden lupin 
Birds foot trefoil 
Melilot 
Soybean
Ground nut (peanut)
Chick-pea
Cowpea
Common Name
Acacia Includes the 'wattles'
Xilia dolabriformis Ironwood of India 
Mimosa pudica Sensitive mimosa
3)C aesalp inaceae
Name Common Name
Cassis fistula Senna
Tamarindus indica • Tamarind 
Cercis siliquastrum Judas tree
Nodule Structure
D ete rm inate  Indeterm inate
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T he n itro g en -fix in g  legum es can also  be classified in to  tw o groups 
o n  the basis o f  th e  m a jo r n itrogenous com pounds transported  from  the 
nodu les to  the shoot. Pea (Pi sum  sa tivum ). B road bean (V icia faba  ), and 
L up in  (L u p in u s  p o ly p h y llu s)  etc. belong to  a group tha t transports fixed  
n itro g en  m a in ly  as  asparag ine  (R eynolds, e t  al. 1982, C hristensen  and 
Jo ch im se n , 1983). S o ybean  ( G lyc in e  m a x )  F rench bean  (P h a sco lu s  
vulgaris) and cow pea ( V igna unguiculata), on the other hand, belong to  a 
g roup  in  w hich  the ureides (allantoin and allantoic acid) are  m ajor products 
o f  nitrogen assim ilation in the nodules (Schubert and Boland, 1984)
L egum e ro o t nodu les  can  a lso  be d iv ided  in to  tw o  broad types; 
determ inate and indeterm inate, based  on w hether o r  not m eristem atic tissue 
p e rs is ts  in  the  m a tu re  nodu le . D ete rm inate  nodu les such  as those o f  
P hasco lu s  vu lgaris  and G lyc in e  m a x  h ave a  m eristem  w hich  ceases to  
d iv id e  a t m a tu rity  and a  con tinuous vascu la r system  surround ing  the 
n odu le . Indeterm ina te  nodu les, such as those o f  Pisum  and  T rifo liu m , 
h av e  a  persisten t m eristem  at the nodule apex and the vascular system  is 
open  in  th is area.
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1.3. The nodule development process
T h e  roo t n o d u le  is a  p ro d u c t o f  th e  in terac tion  be tw een  the  
ex p ress io n  o f  bo th  rh izob ia and legum e genom es. N odule developm ent 
is an  e legan t seq u en tia l process in  w hich  the tw o  partners in teract in  a 
com p lex  w ay, resulting  in  in tricate structural and biochem ical changes in 
each  partner and the establishm ent o f  n itrogen  fixation.
T h e  nod u la tio n  p ro cess  w as e leg an tly  described  by  F ahraeus 
(19 5 7 ) in  an enclosed  slide cu ltu re o f  sm all-seed ed  legum es inoculated 
w ith  rh izobia. A  la rge  num ber o f steps a re  involved in  the fo rm ation  o f 
a  fun c tio n a l nodule , starting  w ith  recogn ition  and  infection  o f  the host 
roo t an d  finishing w ith  the developm ent o f  bacteroids and the synthesis 
o f  n itro g e n a se  an d  o th e r e s sen tia l p ro te in s . T hese  p ro cesses  are 
d e sc rib ed  in  six  steps as fo llow s (1) a ttrac tion  o f  rh izobia to  the  roots 
o f  legum e, (2) defo rm ation  o f  root h a ir  an d  the  form ation  o f  in fection  
th re a d , (3) in itia tio n  o f  n o d u le  m eris tem , (4 ) grow th  o f  rh izob ia  in  
in fe c tio n  thread and  in tracellu la r "release" o f  bacteria from  the in fection  
th re ad  to  host cy top lasm , (5 ) the d iffe ren tia tio n  o f bactero ids, (6 ) the 
estab lishm en t o f  sym biotic  associa tion  and  the  induction o f  n itrogenase 
and  o th e r nodule specific  proteins.
T h e  first obv ious  sym ptom  w hen  th e  rh izob ia are inocu lating  a 
le g u m e  is the deform ation  o f  root hairs and  the  clum ping o f  the rh izobia 
at th e  tip  o f  the ro o t ha ir ce lls . T he recogn ition  betw een rh izob ia and 
le g u m e  root h a ir is  specific . H am blin  and K en t ( 1973 ) p roposed that 
th is  specific  recognition  involved a bind ing  o f  the plant lectins to unique
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ca rb o h y d ra tes  fro m  the  rh izo b ia . A  yea r la te r , B oh loo l and  Schm idt 
(1974 ) reported  th a t so y b ean -n o d u la tin g  rh iz o b ia  in teract specifically  
w ith  soybean  lectin  from  seeds and  th is  p h enom enon  was also  observed 
in  se v e ra l o th e r le g u m e -R h izo b iu m  sy m b io ses  (D azzo  and G ardio l, 
1984) an d  th is  le d  to  th e  fo rm u la tio n  o f  " th e  le c tin  re c o g n itio n  
h y p o th e s is ."  A fte r  sp ec ific  reco g n itio n  o f  e a c h  o ther, very  m arked 
cu rlin g  o f  the roo t h a ir  tip  is induced . T hen  so m e  rh izobia entrapped 
w ith in  th e  tigh t c u r l p en e tra te  the  ro o t h a ir  c e l l  w all and  induce the 
fo rm a tio n  o f  a  tu b u la r s truc tu re  ca lled  the in fe c tio n  thread w hich  is o f  
h o s t o rig in . T he fo rm a tion  o f  in fe c tio n  th read  is  a  sign o f  ’’successfu l'' 
in fe c tio n . T he g row th  o f  in fec tion  th read  fo llo w s  the m ovem ent o f  the 
n u c leu s  to  the ro o t h a ir  base , w h ere  it then  pen e tra te s  and enters the 
u n d e rly in g  ro o t c o r te x . D u rin g  the  g row th  o f  the  in fec tio n  thread 
th ro u g h  th ree  to  s ix  layers  o f  ro o t ou te r c o r t ic a l ce lls , m eristem atic  
ac tiv ity  is  in itia ted  in  a  sm all g ro u p  o f  ce lls  in  th e  inner roo t cortex 
d irec tly  in  front o f  the  tip  o f  the  in fec tion  th read . T h e  grow th  o f thread 
con tin u es  into these  m eris tem atic  ce lls and  the  b ac te ria  are  then  “budded 
o f f  “ a n d  released  in to  th e  h o s t ce ll cy top lasm . T h e  rh izob ia  are still 
e n c lo s e d  by  th e  in fe c tio n  th re a d  m e m b ra n e  w h ich  becom es the 
perib ac te ro id  m em brane. T he b ac te ria  then  d iv id e , but all th e  tim e the 
p lan t o rig in  peribacte ro id  m em brane is su rround ing  them , failure o f this 
resu lts  in  senescence  and  dea th  o f  the  in fe c ted  ce ll. A ll in fected  root 
n o d u le  ce lls  show  a  h ig h  deg ree  o f  ce llu la r  o rgan iza tion , they  contain 
p la s tid s , m itochond ria , endo p lasm ic  re ticu lum , G o lg i bod ies, vacuoles 
and  sm all cy top lasm ic vesic les  e tc . despite la rg e  num bers o f  bacteroids
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bein g  p resen t in  these ce lls . In  legum e ro o t nodules the central tissue 
e n c lo se d  by the co rtex  consists  n o t o n ly  o f  ce lls that becom e greatly  
e n la rg ed  and heavily  in fec ted  w ith rh iz o b ia  but a lso  o f  m any sm aller 
u n in fe c ted  ce lls in terspersed  am ong th e  in fected  ones (B ergersen  and 
G p o d c h ild , 1973). S tu d ie s  on s o y b e a n  n o du le s  show ed  tha t an 
u ltrastructu ra l d iffe ren tia tion  takes p la ce  in  the uninfected cells w hich is 
d is tin c tly  d iffe ren t fro m  changes in  th e  in fec ted  ce lls .T he principal 
changes  are a m arked enlargem ent o f  th e  m icrobodies as a  proliferation 
o f  sm o o th  endoplasm ic reticu lum  (S E R ). It has been  suggested that the 
u n in fe c ted  cell s tructu re is related to  th e  partic ipation  o f  these ce lls in 
m e tab o lic  transport o f  com pounds a ris in g  from  recently  fixed nitrogen 
and th a t they m ay also function  in gaseous  diffusion.
V aria tio n s  occu r am ong d iffe re n t legum es in  the  structure o f 
n o du le s  depending upon  w hether m eristem atic  activity continues around 
the  perip h ery  o f  the o rig inal m eristem atic  zone o f  the nodule rather than 
ju s t  a t  th e  apex . B y  th e ir  m o rp h o lo g y , tw o  m a in  ca teg o rie s  o f  
legu m in o u s nodules ca n  be  recogn ized : determ inate and indeterm inate 
n o d u le s  (C orby e l a /.t 1983). T ropical legum es, such as French bean  and 
so y b ean  develop  determ inate nodu les, w h ich  are round in  the ir shapes 
s in ce  m eris tem atic  c e lls  in  these n o d u le s  do  n o t d iv ide any m ore  at 
m a tu rity . Increase in n odu le  size fo llow ing  the initia l phase o f  infection 
o f  th e  m e  ri stem , appears to  result la rgely  from  an increase in the volum e 
o f  in fe c te d  ce lls . In s tea d  tem perate  legum es such as pea  and c lover 
d e v e lo p  the  la tte r. N o d u le s  are  e lo n g a te d , th e  m eris tem atic  ce lls
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co n tin u o u s ly  d iv id e  and becom e in fe c te d  as  g ro w th  o f  the  nodule 
proceeds. N o d u le  m orphology is the  resu lt o f  a  developm ental program  
u n d er co n tro l o f  the  host p lan t, b ecau se  fo r  a  n u m b e r o f  R h izo b iu m  
strains it h as  been  dem onstrated that one  and the  sam e R hizob ium  strain 
can  induce determ inate  nodules on one host, inde term inate  nodules on 
the o ther ( D a r t /1977).
F ive d iffe re n t zones can  be  d efined  in  indeterm inate nodules: (1) a 
zone o f  w h ite  m eristem atic  ce lls n e a r  the n o d u le  apex, (2) a  zone o f 
in fection  o r  th re ad  invasion, (3) an ea rly  sym b io tic  zone in  w hich  the 
bacteriods are  d iv id ing  rapid ly  w ith in  the  p lan t ce lls  w hich  them selves 
con ta in  c o n s id e rab le  am ounts o f  s ta rch , (4) a  la te  sym biotic  zone in 
w hich  the p la n t ce lls  are packed w ith  N 2 ~ fix ing  bac teriods and which 
are a  deep p in k  co lou r due to  the presence  o f  leghem oglob in  in  infected 
ce lls , (5) a  zone o f  senescent tissue w h ich  is g reen ish -b ro w n  because of 
the deg rada tion  products o f  hem e. In  spherica l nodu les  the o lder tissue 
tends to  o cc u r tow ard  the centre o f  the  nodule. D em arcation  o f  the zones 
in  th is  type  o f  n odu le  is n o t as defin ite  as in  elongated  nodules and 
the  onset o f  c e ll senescence in  sp h e ric a l n o d u le s  m ay  occur alm ost 
sim ultaneously  o v e r a  m ajor portion  o f  the  in fec ted  tissue.
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1.4. Nitrogen fixation.
O nce the  b a c te ro id s  have d iffe re n tia ted , the  n itro g en  fixa tion  
starts. T he p rin c ip le  change  in v o lv es  th e  ex p ress io n  o f  n itrogenase 
(E .C . 1 .18 .2 .1 .). T h is  o f te n  occu rs  b e tw e e n  d ay  10 an d  12 afte r  
inoculation and then  inc reases rapidly d u ring  nodu le  developm ent.
T he im portance  o f  n itrogenase in  sym b io tic  associa tion , has led 
to  a lo t o f  in te re s t in  study ing  th e  s tru c tu re  and  p ro p erties  o f  th is 
enzyme.
In 1960, a  g ro u p  o f  w orkers in  the  C en tra l R esearch  Laboratory 
o f  D u Pont de N em ours  (a  large ch e m ica l f irm  in  U .S .A .) obtained  the 
firs t active p rep a ra tio n  o f  n itrogenase from  C lo str id iu m  p asteurianum  
w hich  could convert n itrogen  into am m onia , a  reaction proved  by  using the 
iso tope o f  a n d  iso la ting  ^ N H 3 .  N itro g e n ase  w as subsequently
purified  from  bac te ro id s  o f  soybean nod u le s  and has now  been  extracted 
from  over 30 m icrobes.
T he ability  to  f ix  n itrogen by  n itro g en ase  is  usually  expressed in  
te rm s o f  the  am o u n t o f  ace ty lene  re d u c tio n  w h ich  is  b a sed  on the 
observation  tha t n itro g en ase  not o n ly  reduces  N j  b u t a lso  som e o ther 
trip ly  bonded  m o lecu le s  in to  d oub le  b o n d ed  o n es , su ch  as  H C «C H  
(acety lene) H C « N  (  hyd rogen  cy an id e  ) , H N j ^ N  ( hyd ro g en  azide ), 
N « N O  ( n itrous  o x id e  ) etc. A m o n g  th e se  ch e m ica ls , acety lene is 
especia lly  im p o rtan t b ecause  the e th y le n e  p ro d u ced  b y  n itrogenase 
ac tiv ity  can  be detec ted  rapid ly  and sensitive ly  b y  gas chrom atography.
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T h is  reac tion , th e re fo re , is  rou tin e ly  used  fo r  m easu rin g  n itro g en  
fixa tion .
N itrogenase is one o f  the m ost com plicated  system s in  p re se n t-  
day  enzym ology. I t a c tu a lly  consists  o f  tw o  d is tin c t com ponents; the 
la rg e  one  usually  c a lle d  M o -F e  p ro te in  (co m p o n en t I) b in d s  the 
red u c ib le  substra te . T h e  sm a lle r  one , F e -p ro te in  (co m p o n en t II) 
tran sfers electrons to  the  M o -F e  protein. B oth  the  tw o  com ponents are 
irreversib ly  inactivated b y  oxygen. N itrogen  fixa tion  is not perfo rm ed  at 
a ll in the  presence o f  h ig h  partia l pressures o f  0 2 .  T h e  M o -F e  p ro te in  
con tains tw o atoms o f  M o  an d  24 to 32 atom s o f  F e  and  S per m olecule. 
T here appear to be  fo u r  [4F e-4S ] clusters  and tw o  [M oFe6Sg] clusters. 
T h e  tw o  [MoFegSg] c lu s te rs  com prise the M o F e  co fac to r (V ance 
e t a /., 1988). E vidence show s tha t th is is the s ite  a t w hich  d in itrogen
is reduced  to am m onia. T h e  F e-p ro te in  contains tw o  apparently  identical 
su b -u n its  together w ith  a  c lu s te r  o f  4  iro n  and 4  lab ile  su lphur atom s. 
T he tw o  com ponents jo in  to ge ther and function  coo rd inate ly  to  perfo rm  
the n itrogen fixation. N itrogenase  ac tiv ity  also  requ ires  A TP, com bined  
w ith  M g ^ + , as en e rg y  so u rce . R ed u c tio n  o f  n it ro g e n  to  am m o n ia  
requ ires 6  electrons, an d  12 A TP m olecu les, a cco rd in g  to  the reac tion  
equation .
N 2 +  12 A T P  +  6 e “+  6 H + — > 2N H 3 +  12A D P 12Pi
Y et the en e rg y  re q u ire m e n t fo r  n itro g en ase  ac tiv ity  is m u ch  
g reater than that show n in  th e  reaction equation . T h e  reason  fo r th is  w as
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f in a lly  found  in  the ea rly  1 9 8 0 s ', n itro g en ase  evo lves H 2  as a by 
product o f  the nitrogen fixa tion  reac tion .
2H + + 2e~ + 4 A T P  -------> H2 +  4A D P +  4P i
N itrogen fixation appears to  b e  m ore accurate ly  represented  as an 
e igh t-e lec trons  process reducing  N 2  to  2NH3 p lu s  H2 as fo llow s:
N 2 +  8H + +  8e~ + 16A T P ----► 2N H 3 + H2  + 1 6 A D P + 1 6 P i
A ll n itrogenase preparations stu d ied  so  fa r  have  been found to  catalyze 
th is  red u c tan t and  A TP d e p e n d e n t H +  red u c tio n  to  H 2  du rin g  the 
reduction  o f  N 2  C D ixon ef al., 1981, S chubert and E v an s, 1976, 
Shanm ugam  er  a l., 1978). T h e  ev o lu tio n  o f  hyd rogen  during  nitrogen 
f ix a tio n  is b e liev ed  to b e  an  in h e re n t p ro p e rty  o f  the n itrogenase  
reac tion  and to  be an energy  d ra in in g  p rocess (S chubert and  Evans, 
1976). H ydrogen evolved b y  n itro g en ase  is a lso  a  com petitive inhibitor 
o f  n itro g en  fix a tio n , and  D ix o n  e t  al. (19 8 1 ) have su g g es ted  that 
hydrogen  could accum ulate to  inh ib ito ry  level (c. 10%, v /v )  w ith in  the 
no d u le . H ow ever som e n itro g e n  f ix in g  o rg an ism s, in c lu d in g  some 
rh izob ium  species, contain an o x y g en -d ep e n d en t enzym e system  called 
"u p ta k e  h y d ro g en ase" , w h ich  c a n  recyc le th e  H 2 re leased  and the 
e lec trons  at the  sam e tim e d u ring  n itrogen  fix a tio n . This sy stem  was 
o rig in a lly  though t to  be b e n e fic ia l to  the p la n t since th e  ab ility  of
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n itrogen  fixa tion  is  lim ited  by the  su p p ly  o f  ene rgy  fro m  ox ida tive  
phosphory lation , w h ich  is u ltim ately  d e r iv e d  from  the p lan ts  carbon 
com pounds and any  p rocess tha t reduces th e  ene rgy  co s t fo r  nitrogen 
fixa tion  m ight be ex p ec ted  to  resu lt in  in c rea sed  n itrogen  fixa tion  and  
consequently  in inc reased  plant grow th. T h e  loss o f  m ore  than  25%  o f  
the ene rgy  flux th ro u g h  n itrogenase as h y d ro g e n  evo lu tio n  m igh t be 
com pensated, a t le as t in  part, by  the ac tiv ity  o f  the  hydrogen  recycling 
system . This uptake hydrogenase reduces th e  concen tra tion  o f  free O 2 
during th e  reduction  o f  H2. Thus th is h y d ro g e n  recyc ling  system  can 
also  p la y  a ro le  in  p ro tec ting  n itro g e n a se  from  o xygen . H ow ever, 
carefu lly  contro lled  experim ents w ith  H u p ”  m utan ts show ed  that there 
were n o  differences in  nodule nitrogen f ix a tio n  efficiency betw een  n ea r-  
iso g en ic  H up+  a n d  H u p “ stra ins (C u n n in g h a m  et al., 1985). T he 
sign ificance  o f th e  p resence  o f  the  H u p  g e n e  has th e re fo re  becom e 
d ifficu lt to  explain.
B esides  F e - M o  n itro g en ase , r e c e n tly  R o b so n  e t  al. (1986 ) 
re p o rte d  tha t th e re  ex is ted  an  a l te rn a t iv e  v a n a d iu m  c o n ta in in g  
n itrogenase from  A zo tobac ter ch ro o co cc u m , u n d er cond itions  o f  M o 
deficiency, w hich does  not require the s tru c tu ra l genes fo r  conventional 
nitrogenase.
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1.5. Ammonia assimilation
(1) Glutamate Synthase Cycle
In  ro o t nodu les, the first p roduct o f  n it ro g e n  fixation am m onia  is 
excre ted  fro m  the  bactero ids and th e n  a s s im ila te d  by  the p lan t. O nce 
form ed, am m o n ia  could be assim ilated  b y  v a r io u s  pathw ays. F o r  m any 
years the assim ilation  o f am m onia w as thou g h t to  b e  only v ia the reductive 
am ination  o f  2 -o xog lu ta ra te  to g ive g lu tam a te  a s  ca talyzed  by g lutam ate 
dehydrogenase (G D H , E C  1.4.1.3.).
G D H
2 -o xog lu ta ra te  +  N H 3 +NAD(P)H +H+ ------------» glutam ate +
NAD(P)+ + H20
G D H  activ ity  has been  found  in  a  n u m b e r  o f  plant species and is 
abundan t in  m o s t tissues. In itia l s tu d ie s  o f  K ennedy (1 9 6 6 ) on
S erradella nodu les  suggested tha t the am m o n ia  fro m  nitrogen assim ilation  
w as inco rpo ra ted  directly  in to  g lu tam ate. H o w e v e r  its h igh  K m  fo r  NH3 
and its v irtual disappearance in  K lebsiella  aerogcnes  under conditions of 
low  N  ava ilab ility  w hen N H 3 assim ilation  w as  s til l occurring, resu lted  in 
the  d iscovery  o f  an  a lternative rou te  o f  a m m o n ia  assim ila tion  in  this 
organism  in  1970, com bin ing  g lu tam ine  sy n th e ta se  (G S) and a  new ly  
discovered  en zy m e glutam ate sy n thase(G O G A T  E C 2.6 .1 .53 .X T em pest et
-21
al. 1970 ). M iflin and  L ca(1976) suggested tha t ass im ila tio n  o f  am m onium  
o c c u rs  in the p lan t cy toso l by the G S /G O G A T  pa th w ay , ra ther than by 
G D H , follow ing a  reanalysis o f  K ennedy 's  d a ta  from  labelling o f
S e rra d e lla  nodules. M orever M iflin  and L ea supposed  th a t G S /G O G A T  
p a th w a y  is the m ajor, perhaps only route o f  am m onia assim ilation  in higher 
p la n ts  (1976). In  th is  pathw ay GS is responsib le fo r  the in itia l assim ilation 
o f  am m onia into g lu tam ine and G O G A T  ca ta lyzes  the  transam idation  o f  
g lu tam in e  am ido -n itrogen  to the a -a m in o  position  o f  2 -o xog lu ta ra te  to 
fo rm  tw o m oles o f  glutam ate. Because the tw o  enzym es a re  dependent on 
e a c h  other fo r the prov ision  o f  substrate, th e ir  ac tiv ities constitu te  a  cycle 
w h ic h  has been term ed  the glutam ate synthase cyc le  (M iflin  and  Lea 1980).
(G S)
G lu tam ate  +  A T P  +  NH3 -------- ► G lutam ine +  A D P  P i +  H2O
2-ox o g lu ta ra te  +  G lutam ine +  N A D H  ( o r N A D P H  o r  F d  red. )+ 
(G O G A T)
----------------► 2 G lu tam ate +  N A D +  ( N A D P+  o r  Fd ox . )
M ore e legan t studies by M eeks et a /.(1978  ) on soybean nodules 
u s in g  13N2t.a sho rt-liv ed  radioactive isotope of N, dem onstrated  that N H 4+ 
is  f ir s t  incorporated  in to  the am ide position  o f  g lu tam ine  i n  the reaction  
ca ta ly z ed  by G S. T h is  incorporation is blocked b y  m e th io n in e  sulfoxim ine. 
a n  in h ib ito r o f  G S  (M eeks e ta l. ,  1978). T he am ide g roup  is  subsequently 
tra n sfe rre d  to the 2 -c a rb o n  o f  oxog lu tarate  in  the  re d u c tiv e  am ination
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reac tion  c a rr ie d  out by G O G A T , w hich  is  blocked by  azaserine , a  general 
in h ib ito r  o f  a m id e -g ro u p  tra n sfe r reac tio n  (M eeks c t al. 1978). S im ilar 
results h av e  b ee n  obtained by  O hyam a and K um azaw a (1980). B ecause  GS 
h as  a m u ch  lo w e r Km for am m onia than G D H , the g lu tam ate syn thase cycle 
can  fun c tio n  an d  m aintain very  low  concentrations o f  am m onia in  the tissue 
and w ould  b e  im portant to  m ainta in  a g rad ien t favouring  co n tin u ed  N H4+ 
expo rt b y  b ac te ro id s  (R aw sthom e ct al., 1980). F u rther ev id en ce  fo r  the 
G S /G O G A T  pathw ay as th e  prim ary  am m onia  assim ilato ry  ro u te  com es 
from  the deve lopm enta l s tud ie s  o f nodu le  enzym e activ ities. R obertson  ct 
al. (1 975a ,b .) reported tha t bo th  G S and an  N A D H -dependen t G O G A T  are 
in d u ced  d u r in g  lupin n o d u le  d eve lopm en t in  p ara lle l w ith  n itrogenase  
ac tiv ity  a n d  leghem oglob in  con ten t and  in  a lfa lfa  bo th  G S an d  G O G A T 
dec line  a lo n g  w ith n itrogenase activity w hen  nodula ting  roots a re  deprived 
o f  th e ir  s h o o t  system . T h e se  en z y m es  in c rease  in  ac tiv ity  ag a in  as 
n itro g en ase  ac tiv ity  inc reases during nodu le  rebuild ing  (G roat an d  V ance, 
1981), y e t ch a n g es  in the ac tiv ity  o f  G D H  do not appear to  b e  correlated  
w ith  n i t ro g e n  fixa tion . D u rin g  n odu le  d eve lopm en t in  so y b ean s  G DH 
ac tiv ity  d e c lin e d  m arkedly a t a  tim e w hen  nitrogen fixa tion  w as increasing 
(S en and S ch u lm an  1980).
In  v ie w  o f  all the abo v e  ev idence, it  is conv incing  th a t in  legum e 
ro o t nodu les  am m onia excre ted  by the bactero ids is assim ilated  on ly  v ia the 
g lu tam ate syn thase  cycle.
W o rk  on  other p a r ts  o f  the p la n t h a s  a lready  sh o w n  th a t the 
g lu tam a te  sy n th ase  cycle is  the m a jo r rou te o f  am m onia  a ss im ila tio n  in 
h ig h e r p la n ts . A m m onia in  h ighe r p lan ts  is derived  both  fro m  th e  plant's
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prim ary  n itrogen s o u rc e s  (am m onia, nitrate o r  , fo r  legum es, d in itrogen) 
and  from  a  n u m b e r  o f  in ternal n it ro g e n -c y c l in g  p a th w a y s  such  as 
photorespiration, a m in o  acid catabolism  and p heny l propanoid  m etabolism . 
T he g lutam ate s y n th a s e  cycle is the refo re  essen tia l not on ly  fo r  p rim ary  
n itrogen assim ila tion  b u t also to m ainta in  the gene ra l n itrogen econom y o f  
the plant.
(2) Asparagine an d  ureide transport pathways:
N itro g e n - f ix in g  plants can  be c lassif ied  as am ide  transporting  
p lants and u reide tran sp o rtin g  p lan ts  based u p o n  the com position  o f  the 
xy lem  flu id  c o l le c te d  from  exc ised  nodules o r  nodu la ted  ro o t system s. 
Lupins, peas, the  " tem p era te  legum es", belong to  the  first g roup, soybeans, 
cow peas and b e a n s , m ain ly  the "trop ica l legum es", belong to  the second 
group.
( a ) Asparagine transport pathway
T he p re d o m in a n t nitrogen com pounds in  the xylem  o f  lupins and  
o th e r a m id e .tra n sp o r t  legum es is  asparag ine. U sing  labelling  o f
S erradella  nodu les th e  labelling pa tte rn  suggested  that asparag ine  w as an  
en d -p roduct o f  th e  no d u le  nitrogen assim ilatory pathw ay fo llow ing prim ary  
incorpora tion  in to  g lu tam ine  an d  g lu tam ate. In  w o rk  on soybean
nodules, label f ro m  w as in itia lly  detected  in  g lu tam in e-am id o  N
-24-
follow ed by glutam ate a n d  a sp arag in e-am id o  N  (Fujihara and Yamaguchi, 
1980). In  these e x p e rim e n ts  aspartate w as  also  rapidly labelled b u t only 
after glutam ate, and it  w a s  obv ious that th is  com pound w as an intermediate 
in  the nitrogen m e tab o lic  pa th w ay  (see S chubert rev iew  1986) In  Vieil 
labelling studies using  14 CC>2 bave also iden tified  glutam ate and aspartate 
as prim ary products o f  ass im ila tio n , w ith la b e l la ter appearing in  asparagine 
(see S chubert rev iew  1 9 8 6 ) .  R obertson  e t  a l  suggested  therefo re that 
asparagine was probably  syn th esised  as fo llow s: (1980)
From  this rou te i t  is  obvious tha t ano ther tw o enzym es besides GS 
and G O G A T are in v o lv e d  in  asparag ine synthesis. T h ese  are aspartate 
am inotransferase (A A T  B C 2 .6 .1 .1 .), and a  g lu tam ine-dependen t asparagine 
synthetase (AS E C  6 .3 .5 .4 .) .  In  lupin, th e  ac tiv ities o f  A A T and AS both 
in c reased  co n s id e rab ly  d u r in g  n o d u le  d ev e lo p m en t. N o  asparag ine  
synthetase activity cou ld  b e  detected  in  e i th e r  the bactero id  fraction o f  the 
nodules o r in  ce ll- f ree  e x t r a c ts  o f  the f re e - l iv in g  rh izobia grow n in a broth
A S
G LN 2 - O X O - A S P A SN
GS G O G A T AAT
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o r  m in im al m edium . A b o v e  resu lts  su g g es ted  tha t p la n t enzym es are 
involved in  the assim ila tio n  o f  the am m onia produced from  the nitrogen 
reduction in  the bacteroid.
( b ) Ureide synthesis
In  trop ica l le g u m e s  like soybean , b ea n  and cow pea, ureides 
(allan to in  and a llan to ic  a c id )  rep resen t the  m a jo r products o f nitrogen 
assim ilation  in  nodules. S y n th e s is  o f these com ponds is directly  associated 
w ith  the assim ilating  p ro c e ss  o f  sym bio tica lly  fixed  n itrogen  in  nodules 
(Fujihara and Y am aguchi 1 9 8 0 )
l^ N -ia b e ll in g  s tu d ie s  in  soybeans an d  o ther u reide exporting 
legum es show ed that rece n tly  f ix e d  nitrogen w as incorporated into allantoin 
and allantoic acid w ith in  th e  n o d u le  and then  exported  to o ther parts o f the 
p lan t (M atsum oto  e t al. , 1 9 7 7 a , 1977b, 1 978 ). S tudies o n  ac tiv ities o f 
n itrogen  assim ilato ry  e n z y m e s  show ed th a t during  the  ea rly  stages o f 
n odu le  d ev e lo p m en t b o th  a s p a r ta te  am in o tra n sfe ra se  and  asparagine 
synthetase also  inc reased  in  so ybeans  but b e tw e en  17 and 19 days after 
ino cu la tio n  Of soybean  n o d u le s ,  the ac tiv ity  o f  asparag ine synthetase 
dec lined  greatly  and the  c o n c en tra tio n  o f  asparag ine  w as very low . A ll 
these show  that asparag ine sy n th e tase  does n o t provide the m ajor route fo r 
am m onia assim ilation in  th e  n o d u le s  o f soybeans. Tw o possib le  routes fo r 
ureide biosynthesis have b e e n  p roposed by R einbothe and M othes (1962 ).
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T h e  f ir s t  one  invo lves  the  c o n d e n sa t io n  o f  u rea  and a  tw o -c a rb o n  
com pound  such as glyoxylate , th e  second  involves the oxidative catabolism  
o f  purines. A lthough in 1953 M o th es  suggested tha t the la tte r pathw ay was 
un like ly , evidence supporting the  condensation  pathw ay has been lim ited to 
labelling  studies in cen a in  fu n g i a n d  in  banana. Several lines o f  evidence 
su g g es t tha t the second rou te  i .e . th e  purine  ca tabolic  rou te  to  ureide 
b io sy n th esis  is present. F irs tly , th e  presence o f  xanthine dehydrogenase 
(X D H ), uncase  and allan to inase, enzym es o f p u rine  catabolism  are at high 
lev e ls  in  nodu les o f  the u re id e -e x p o r tin g  p la n ts  cow pea, soybean and 
g arden  b ea n  (Schubert rev iew , 1 9 8 6 ), but a t low  level in  the  asparagine 
tra n sp o rtin g  legum es such as  lu p in  (R eyno ld s e t a i., 1982) and  pea 
(C hris ten sen . Jochimsen 1983).S econdly ,the levels  o f  these enzym es increase 
in  re sp o n se  to  th e  o nset o f  n it ro g e n  fix a tio n  (A tkins e ra / . ,  1980, 
1 9 8 1 ,1 9 8 4 , R eyno ld s  e t a I ,  1 9 7 9 ,1 9 8 2 ) . T h ird ly , th e  ad d itio n  o f 
a llopurino l, an irreversible in h ib ito r  o f  X D H , results in  a decrease in  levels 
o f  u re id es  in  nodules and u re id e  ex p o rt in  the  xy lem  and an  increase in 
xan th ine  in  the nodule (A tk ins e t  a l., 1980, F u jihara and Y am aguchi, 1978, 
1980). T h e  pathw ay fo r ureide sy n th esis  is show n as follows:
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Fig. 1.1. A proposed pathway for ureide biosynthesis. The enzymes are (1) 
Phosphoribosylpyrophosphate synthetase, (2) Phosphoribosylamidotransferase, (3) 
Phosphoribosyglycinamide synthetase, (4) Inosine monophosphate dehydrogenase, 
(5) 5' nucleotidase, (6) Purine nucleosidase, (7) Xanthine dehydrogenase, (8) 
Uricase, (9) Allantoinase
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D e n o v o  p u r in e  sy n th es is  re q u ire s  th e  p re cu rso rs , r ib o se , 
g lu tam ine, g lyc ine , aspartate and m ethy len e-te trah y d ro fo la te  and  the end 
p ro d u c t is  in o sin e  m onophosphate  (IM P ). T h e n  IM P  is o x id ized  and 
degraded to  fo rm  allantoin and  allan to ic  acid. U reide  form ation is carried 
out by  a  series o f  reactions involv ing  th e  enzym es show n in F ig 1.1, not 
only those d irectly  involved in  purine ca tabo lism  b u t also  those responsible 
fo r p u rine  and purine  p recurso r b iosyn thesis. L evels o f  all these enzym es 
are in c reased  several fo ld  in  nodules o f  u re id e -p ro d u c in g  legum es over 
those fo u n d  in  nodules o f  am ide-p ro d u c in g  p lants (A tkins, 1984, Reynolds 
e t al. , 1982, S chubert and  C oker, 1982 ). B o la n d  and  S chubert (1982) 
confirm ed  tha t purines w ere syn thesized  de n o v o  an d  oxidized in  v iv o  by 
show ing  th a t l * C 0 2  is incorpora ted  in to  xan th ine . This *4 C  shou ld  be 
inco rp o ra ted  in to  the purine ring  at th e  C 6  p o s itio n , but it should  not be 
detected  in  u reides due to  the  loss o f  th is  ca rbon  during  purine oxidation. 
By b lo ck ing  the com plete oxidation  o f  th e  purine  w ith  allopurinol, B oland 
and S ch u b e rt (1982) show ed that xan th ine  labelled  specifically  at the C6 
position . E v en  w ithou t the  in h ib ito r, *4 C x an th in e  w as also  detec tab le  
ra ther than  IM P, the end p roduct o f  p u rine  syn thesis . These results further 
show  th a t p u rine  synthesized  de n o vo  a re  rap id ly  ox id ized  in  nodules as a 
part o f  u re id e  b iogenesis. T h e  syn thesis  o f  x an th in e  from  IM P w as also 
confirm ed  using  *4 C 0 2  by B oland and Schubert (1982).
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1.6. The regulation of plant gene expression in nodules
T he d ev e lo p m en t o f  an e ffec tiv e  n itro g e n -f ix in g  sym biosis 
in v o lv es  c o m p le x  in te rac tio n  betw een  th e  h o s t p la n t and rh izob ium  
sym bion t. A n e ffec tiv e  sym biosis is accom plished  by  d iffe ren tia tion  o f 
b ac teria  in to  bac te ro id s  on the one hand and d iffe ren tia tion  o f plant cell 
in to  a  root n o d u le s  on  the other. B oth  legum e and  rh izob ia l genes are 
invo lved  during  the sym biotic association. O ver the last few  years interest 
in  the ro le o f  th e  p lan t in  the sym biosis has considerably  increased. G enetic 
and  b iochem ical ev idence  indicates that the host p lan t p lays an im portant 
ro le  in  the nod u la tio n  process. A group o f  pro te ins encoded  by the plant 
gen o m e c a lle d  n o d u lin s  (L egock i and  V erm a , 1980) are  induced  
specifica lly . T h e y  appear to  p lay  an im portan t ro le  in  establish ing  and 
m a in ta in ing  th e  sym bio tic  association . N odu lin  genes are  d ifferentia lly  
exp ressed  d u rin g  nodu le  developm ent. Som e genes are  expressed  in the 
stage o f  n odu le  deve lopm ent during w hich  the nodu le  structure is form ed. 
T h ey  are ca lled  ea rly  nodu lin  genes. The m ajo rity  o f  nodulin  genes are 
expressed  a round  the onset o f  nitrogen fixation. These genes are called late 
nodulin  genes w h ich  are im portant in  nitrogen fixation.
O v e r 3 0  d iffe re n t nodulins h ave  been  d e tec te d  from  several 
legum es. S tud ies  w ith  soybean, pea, french  bean and a lfa lfa  showed that 
nodu lins w ere on ly  found  in  root nodules and  n o t in  ro o ts  or o ther plant 
organs (N ap 1988 , V ance e t al. , 1985). N odulins are im portan t in sym biotic 
associa tion  b ecau se  they  m ay have specific  functions  in  the form ation o f
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nodule tissue after d e -d iffe ren tia tion  and pro liferation  o f  co rtica l cells, in 
the transport o f  substrates to  the bacteriods or assim ilated am m onia to other 
parts o f  the plant. B ased  upo n  their possib le  functions, nodu lins have been 
divided into three ca tegories (Fuller et a l., 1983):
(1 ) pro te ins th a t support badtero id  functions and  thus facilitate 
nitrogen fixation.
(2) enzym es in vo lved  in  specific n itrogen  assim ilation  and carbon 
m etabolism  o f  nodule.
(3) proteins responsib le  for the m aintenance o f  nodu le  structure.
A lthough  a  lo t o f  w ork  has b ee n  done on  gene ex p ress ion  and 
reg u la tio n  o f  som e n o d u lin s , the fu n c tio n s  o f  m ost n o d u lin s  rem ain  
unknow n. H ow ever the  functions o f  at least one  or m ore nodulins from  
each ty p e  have been  b es t identified. T hey  are: the  m ost abundan t protein 
leghem oglobin (Lb) w h ich  belongs to  the first type o f nodulins; am ong the 
second  g ro u p  are  g lu tam in e  syn thetase  (G S , E C  6 .3 .1 .2 .) , aspartate  
am ino transferase , (A A T , EC .2 .6 .1 .1 .), u ricase (EC . 1 .7 .3 .3 .) and xanthine 
dehydrogenase (X D H , E C . 1.2.1.37). (all am m onia assim ilatory  enzym es) 
and sucrose synthase (E C .2 .4 .1 .13 .) (involved in  carbon m etabolism .); an 
exam ple  o f  Jhe th ird  ty p e  o f  n o d u lin s  is  th e  p e rib ac te ro id  p ro te in  
N odulin24.
T he m ost abundant p lan t gene p roduct found  in  all legum e nodules is 
Lb. It is the only nodu lin  the  presence o f  w hich  can  be observed  by the eye. 
Lb is a m yo g lo b in -lik e  p ro te in  that serves as O 2 carrier and  regulates the
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O 2  tension  w ith in  the n odu le  (W hittenberg  e t al., 1974) to  p ro tec t 
n itrogenase from  inactivation. It consists o f  tw o parts, pigm ent part-hem e, 
w h ic h  is  p ro d u ced  by the b ac te ria  (N ad le r and  A v issa r, 1977) and 
ap o p ro te in -g lo b in  w hich  is syn thesized  by  the p lan t (B au lcom be and 
V erm a, 1978 ). In  all legumes studied to  date m ore than one L b  is found in 
the  roo t nodule, and the Lbs are encoded by m ore than one gene. W ork on 
soybean  root nodules has show n tha t Lb consists o f  fo u r m ajo r com ponents 
d en o ted  Lba, L b c l, Lbc2 and L bc3 , and som e less characte rized  m inor 
com ponents (V ance and Johnson, 1983). The soybean L b  genes are encoded 
in  th e  plant genom e as a  sm all fam ily  o f  genes w h ich  are specifically  
ac tiv a ted  in response  to  in fe c tio n  o f  the ro o t w ith  B r a d y r h iz o b iu m  
ja p o n icu m . By using  "W e ste rn “ blo tting  technique, the resu lt show s that 
th e  induction  o f  leghem oglobin  during  nodu le  deve lopm ent w as tw o  o r 
th ree  days earlier than , but paralleled,the induction o f  n itrogenase activity.
A  lot o f  w ork has been done on the second g roup  o f  nodulins. GS 
is  the first enzym e involved in  the assim ilation o f  am m onia excre ted  by the 
b ac te ro id s  and  h as  been  w id e ly  stud ied  in  d iffe re n t p la n t species. 
B iochem ical s tu d ie s  have show n that h ig h e r p lant G S  is an  octam eric  
e n z y m e  o f  M r  360 ,000  lo ca ted  in  both  the  ch lo rop las ts  and  cy toso l 
(M cF arlan d  e t  al. 1976, M cN ally  ef al. 1983). In P haseo lu s  vulgaris, 
th e re  are four d istinct form s o f the holoenzym es w hich can  be separated by 
io n -e x ch an g e  chrom atography. T w o  o f these are found  in leaves  in the 
c y to so l and ch lo rop las t; one is found  in  the  cy to so l o f  bo th  roo ts and 
n o d u le s , the fo u rth  one is cy to so lic  and n o d u le -sp e c if ic . B iochem ical 
s tud ies  have show n that these isoenzym es consist o f  three cy toso lic  and a
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plastid ic  G S  polypeptide w h ich  assem ble to  fo rm  the d istinc t octam eric GS 
isoenzym es (C ullim ore and  B enne tt 1988). R ecen t studies show  that these 
d iffe ren t G S  polypeptides a re  all encoded b y  fo u r d iffe ren t nuclear genes: 
g in - a  , g ln -B  , gln- y  and g in - 5  . A ll fou r genes appear to  b e  transcribed in 
n o d u le s , b u t g ln - y  gene is  ex p ressed  n o d u le -sp e c if ic a lly  and can  be 
conside red  to  produce a  n o d u lin  (C u llim ore  and B enne tt 1988). In  P . 
v u lg a r is  G S  ac tiv ity  in c re a s e s  1 6 -fo ld  fro m  days 1 0 -1 8  fo llow ing  
inocu lation  o f  the plants w ith  R h izo b iu m  and  th is increase occurred over a 
tim e cou rse  sim ilar to  the syn thesis  o f  n itrogenase  in the bacteroids and Lb 
in  the  p la n t ce ll cy toso l. T h is  inc rease  in  ac tiv ity  is d u e  m ain ly  to  the 
exp ress ion  o f  the g ln -y  g en e  w h ich  p roduces  a  cy tosolic  G S polypeptide 
and  isoenzym e. In  nodu les o f  lup in , soybean  and pea, the sam e pattern  o f 
changes in  G S activ ity  h a s  a lso  been  o b se rv ed  (C u llim ore  and B ennett 
1988).
A no ther exam ple fo r  the  second ty p e  o f  the nodu lins is aspartate 
am in o tran sfe ra se  (A A T ), w h ich  is p re sen t in  bo th  u re id e -  and  am id e­
transporting  legum es. A A T  ex ists  in the p la n t fraction  o f  the nodule as tw o 
isoenzym ic  fo rm s: A A T ~ P i-  a  soluble en zy m e also p resen t constitutively 
in  ro o ts , and  A A T ~ P 2~  a  n o d u le  sp ec ific  enzym e w hose  induc tion  is 
p ositive ly  co rre la ted  w ith  th e  o nset o f  b io lo g ica l n itrogen  fixa tion . A A T 
ac tiv ity  in  the  p lant cy to so l frac tio n  o f  lu p in  nodules inc reased  5 -fo ld  in 
the  period  10 to  18 days a f te r  rh izob ia in ocu la tion  (R eynolds and Fam den, 
1979). E xam ination  o f  the  frac tio n  by  p o lyacry lam ide  gel electrophoresis 
re v e a le d  th a t the  in te n s ity  o f  A A T " P 2  in c re a se d  d u rin g  n o d u le  
d eve lopm en t, w hereas the  in ten s ity  o f  A A T “ P j rem ained constan t, w hich
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suggests  that the inc rease  in  A A T  ac tiv ity  during  n odu le  developm ent is 
due to  th e  induction o f  a  nodule specific isoenzym e AAT~P2-
A  third exam ple o f  the second type o f nodulins is uricase. It is the 
second  m ost abundant p ro te in  in  the  cytoplasm  o f  soybean  roo t nodules. 
B ergm ann  c t a7.(1983 ) reported tha t th e  previously unidentified  nodu lin - 
35 w as the 3 3 -k D  subun it o f  a sp ec ific  soybean  ro o t nodu le  u ricase 
(u ricase II) located in  uninfected  ce lls  o f  nodule tissue. T he ureides are the 
p r in c ip a l form  in  w h ic h  fix ed  n itro g e n  is tra n sp o rted  from  soybean 
n o d u le s . (Pate an d  A tk in s , 1983). U ricase  a c tiv i ty  found  in  young 
un in fec ted  soybean ro o ts  is due to an o th er form  o f  the  enzym e (uricase I) 
w hich  is  o f  190 kD , has m axim um  ac tiv ity  at pH  8 .0  and  does not contain 
any su b u n it co rrespond ing  in  size to  n o d u lin -3 5 . T hey  are tw o  distinct 
e n z y m es  since m o n o sp e c if ic  a n tib o d ie s  p rep a re d  ag a in s t u ric ase  II 
(no d u lin -3 5 ) show ed n o  cross reactiv ity . U ricase I  declines at a tim e when 
n o d u lin -3 5  appears an d  u ricase ll ac tiv ity  increases a t a  tim e course sim ilar 
to  G S  and  n itrogenase activity during nodule developm ent ( B ergm ann , 
c t  a/.., 1983). T h ese  results are consisten t w ith the concept that a nodule 
specific  ureide m etabo lism  takes p lace in peroxisom es o f  uninfected cells, 
and suggest the partic ipation  o f uricase II in  this pathw ay.
R ecently , an o th e r nodule sp ec ific  am m onia assim ilato ry  enzym e 
x a n th in e  d ehyd rogenase  (X D H ) fro m  soybean ro o t nodu les has been 
pu rified  and studied (N guyen  ei a/. 1986). The resu lts  a lso  show s tha t this 
e n z y m e  ac tiv ity  i s  in d u ced  p a ra l le l  w ith  th o se  o f  o th e r am m onia  
assim ilatory  enzym es.
Som e nodulins are induced to  function in ca rbon  m etabolism  during
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no d u le  dev e lo p m en t. N o d u le  specific  sucro se  sy n th ase  from  soybean 
nodules has b ee n  purified  recently . It is a  te tram eric  enzym e com posed of 
id e n tic a l m o n o m ers  w ith  an  apparent M r  o f  90 ,000  a n d  represents an 
abundan t p ro te in  in  the n o d u le  cytosol (T hum m ler and  V erm a, 1987). 
T h u m m le r a n d  V erm a a lso  reported th a t the n o d u lin - lOO transcrip t o f 
soybean  en c o d es  sucrose synthase. This enzym e ca talyzes the fo llow ing 
reversib le  reaction:
Sucrose +  U D P * = * U D P -g lu co se  +  D -fructo se .
and appears to  be invo lved  in  the cleavage o f  sucrose in  soybean nodule 
tissu e . A n tib o d ie s  ra ise d  a g a in s t th is en zy m e c ro s s - re a c te d  w ith  the 
h y b rid -re leased  translation  p roduct o f n o d u lin -100 cD N A , suggesting that 
n o d u lin -100 is the subunit o f  th is  enzyme.
S om e o f  th e  n o d u lin s  w ere lo c a te d  w ith in  th e  peribacte ro id  
m em brane, su ch  as studies on  nodulin-2 4  recently  by K atinakis and V erm a 
(1985). In  v itro  translation  and im m unological techniques suggests tha t it 
is a  p recu rso r and  is p rocessed  cotranslationally  into a  po lypeptide o f  M r 
20 ,000  w h ich  is  a  com ponen t o f  the m em brane enve lope  enclosing  the 
bactero ids syn thesized  during  sym biosis w ith  R hizob ium .
A  lo t o f  in terests h av e  now  turned to  investigate th e  regulation and 
exp ression  o f  nodu lins. T h e  expression  o f  genes fo r  nodu lin s  appears to 
co rre la te  w ith  the  induc tion  o f  densely cy top lasm ic host ce lls  and to  some 
ex ten t, w ith  b ac te ria l re lease  from  in fec tion  threads (N o rris  era/., 1988). 
For exam ple , in  alfa lfa  n o du le s  induced b y  R hizo b iu m  e x o  m utant w ithout 
release o f  the bac teria  from  the  infection th reads, no  L b  o r  nodu le -specific
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G S w as exp ressed  (D unn  c ta l .% 1988). The co rre la tion  b e tw e en  nodule 
structure and n o d u lin  gene exp ress ion  is best stud ied  in the p lan t species, 
v e tch  and  pea. R h izo b iu m  s tra ins m utated in  one  o f  the n i f  o r  f i x  genes 
induce the  fo rm ation  o f  nodu les on  pea  and v etch  that are m orphologica lly  
s im ila r to  nodu les  induced  b y  w ild - ty p e  R h iz o b iu m .  In  th e se  nodules, 
rh iz o b ia  d iffe re n tia te  in to  th e  ch a rac te ris tic  b ac tero ida l sh ap e  and all 
n o d u lin  genes are  exp ressed  (G o v ers  era/. 1985 , 1987). T h u s  nitrogen 
fix a tio n  is app a ren tly  n o t e ssen tia l fo r  the ex p ress ion  o f  n o d u lin  genes. 
A no ther ev idence to  support th is  conclusion is  from  experim ents in  w hich 
leg u m e p la n ts  a re  g row n u n d e r  Ar:C>2 ra th e r than  under N 2 :0 2 -  The 
nodules induced  b y  w ild  type o f  R hizo b iu m  a re  m orphologica lly  sim ilar to 
nodu les g row n u n d e r n itrogen; an d  although n itrogen  fixa tion  is absent, all 
nodu lin  genes are  expressed . Experim ents w ith  som e cloned nodu lin  genes 
involved in  am m o n ia  assim ila tion  have ind ica ted  tha t exp ression  o f  these 
genes is not co u p led  to  activation  o f  the n itrogenase genes o f  R h izo b iu m  
(F u lle r  e t al. 1984, M arcker c t  al. 1984) o r n itro g en  fixa tion  (G overs c t 
a i. 1985, L a n g -U n n a sc h  c t al. 1985). For exam p le , studies on  expression  
o f  nodule specific G S  during  nodule developm ent showed that the induction 
o f  L b  and  G S  g e n e  ta k e  p la c e  in d e p en d en t o f  n itro g en ase  ac tiv ity  
(S e n g u p ta -G o p a la n  and P itas 1986, P ad illa  c t al. 1987). T h e re fo re , it 
could  be p roposed tha t a ll enzym es involved in  am m onia assim ilatory  m ight 
be in d u c ed  in  c lo se  a s so c ia tio n  w ith  th e  in tra c e llu la r  in fe c tio n  by 
R h izo b iu m . Y et it could  not be  ru led  out the possib ility  o f  the involvem ent 
o f  com m on fac to rs  in  regulating  the  activation o f  the genes o f  nitrogenase, 
leghem o g lo b in  a n d  am m onia  assim ilato ry  en zy m es. H ow ever, it  seem s
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p rem ature to  draw  m ean ing fu l genera lizations from  the date available fo r 
the  regu lation  o f  the exp ress ion  o f  th e  nodulin  genes. The expression  o f 
nodu lin  genes is  a  ra ther com plicated p rocess controlled at different levels 
and involv ing  various fac to rs.
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1 .7  T w o fo rm s o f  glutam ate synthase in  h igher p lants:
In  h ighe r plants, there exists tw o  form s o f  g lu tam ate synthase, one 
u tiliz ing  py rid in e  nucleotide as reductan t, the o th e r  utiliz ing ferredox in . 
N A D (P )H -d ep en d en t g lu tam ate syn thase w as firs t identified  in  cultured  
ca rro t cells and  pea  roots (D ougall 1974, F o w le r  et al. 1974). In  the
sam e yea r fe rred o x in -d ep en d en t g lu tam ate  sy n th ase  (F d -G O G A T ) was 
discovered in g reen  leaves o f  pea by L ea  and M iflin (1974).
In  h ig h e r  p lan ts  b o th  N A D H -d e p e n d e n t g lu tam ate syn thase  
(N A D H -G O G A T ) and  F d -G O G A T  h ave been p u rified  and characterised. 
F d -G O G A T  h as  been show n to  be  m ost abundant in  green  leaves o f  plants 
and  is located  in  the chlo rop last. It h as  been p u rif ie d  from a n u m b e r of 
h igher p lant species and organs (S uzuk i and G ad a l, 1984) and genera lly  
these reports ag ree  tha t it  is a m onom eric  protein o f  M r about 140,000. 
H ow ever in  g reen  leaves o f  rice , F d -G O G A T  ap p e a rs  to  have a  M r of 
250,000 consisting  o f  tw o identical polypeptides o f  M r  o f 125,000. W ork 
on  pho to re sp ira to ry  m u tan ts  o f  A ra b id o p s is  th a lia n a  (S om erv ille  and 
O grcn, 1980) and  barley (K endall et al. 1986) have sh o w n  that this enzym e 
is essential f6 r the reassim ilation  o f  pho to resp ira to ry  am m onia in  leaves. 
T he enzym e h as  a lso  been  detected  in  n o n -g reen  tissues  such as  roots, 
cu ltured  ce lls , etio lated  leaves and in  legum e n o du le s  although its  precise 
ro le and the prov ision  o f  its reductan t in  these tissu es  is  unclear (O aks and 
H irel, 1985). S tudies on the F d -G O G A T  o f  rice g re e n  and etiolated leaves
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sh o w  th a t they  are im m unochem ica lly  id e n tic a l p ro te ins w h ereas  F d -  
G O G A T  from  ric e  ro o t an d  soybean  n o d u le s  are  re co g n ized  by the 
an tibod ies bu t are an tigenically  d ifferent from  th e  le a f enzym e(S uzuk i and 
G ada l, 1984). A ntibodies raised  against the  ric e  le a f F d -G O G A T  failed to 
c ro s s - re a c t w ith  N A D H -G O G A T  from  sev e ra l organs and species , thus 
suggesting  that F d -G O G A T  and N A D H -G O G A T  are tw o d is tin c t enzym e 
p ro te in s  (Suzuki and G adal, 1984).
N A D H -G O G A T  w as first pu rif ied  fro m  roo t n o d u le s  o f  lupin 
(B o lan d  and B enny 1977 ). Subsequently  th is  enzym e was pu rified  from  
so y b ean  ce ll cu ltu res (C h iu  and S hargoo l, 1979), e tio la ted  p ea  shoots 
(M atoh  and  Takahashi, 1980), and C hlam ydom onas  (M arquez etai.1984). It 
ap p ears  to  be  an  iro n -s u lp h u r  flavop ro te in  w ith  a  s ingle su b u n it o f  M r 
ab o u t 230 ,000  and is specific  fo r N AD H  as reductan t, show ing  little o r no 
a c tiv i ty  w ith  N A D P H  o r  fe rred o x in . In  le g u m e  n o d u le s , a  lo t o f  
ex p e rim en ts  have show n tha t the N A D H -d e p e n d e n t en zy m e is  p resent 
m a in ly  in  the host p lant ce lls , and is absent o r  low  in ac tiv ity  in  bacteroids 
(B o la n d  e t a / . ,  1977, 1983, A w onaike e t  a /., 1981, Shelp  e t  a /., 1983). 
S u b -c e l lu la r  frac tio n a tio n  studies on n o d u le s  o f  P h a sco lu s  vulgaris  
(A w o n a ik e  et a/., 1981), soybean (B oland e t  a /., 1982), and  lup in  (Shelp 
e t  a /., 1984) and on lea f ca llu s  cultures o f  B ouva rd ia  te m ifo lia  (M urillo 
e t  a /., 1985 > ind ica te  th a t th is  enzym e is  a sso c ia ted  la rg e ly  w ith the 
p la stid s .
A s m entioned abo v e , it appears th a t N A D H -G O G A T  and F d -  
G O G A T  are tw o  d iffe re n t p ro te in  en zy m es  w h ich  d iffe r  in  m olecu lar 
w eigh t and  reductant specificity . The m a jo r p roperties  o f  N A D H -G O G A T
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and F d -G O G A T  in  h igher p lants are sum m arized in  the  follow ing table:
Table 1.4. A Comparison of NADH-GOGAT and Fd-GOGAT of 
Higher Plants
NADH-GOGAT Fd-GOGAT
M W  200,000—230,00
N o  of su bu nit 1
L o c a tio n  n o n -g reen  tissues:
nodules, roots etc. 
plastids
-1 4 0 .0 0 0
250,000 (from green
leaves of rice )
1
2  (from green 
leaves of rice )
green  leaves: 
ch loroplast, p lastids 
o f  o ther tissues
R e d u c ta n t  N A D H ferredoxin
p H  o p tim u m  7 .5 -8 .5 6 .9 —7.5
K m  N A D H  
F d  
G L U  
2 - O X O
4— 13 p M
400— lOOOpM 
3 9 -  9 6 0 p M
2— 5 .5 jaM  
1 00 -1 0 0 0 p M  
7 -  7 0p M
Stability very unstable
room  tem p.
C o fa c to r  F A D /F M N  non -hem e
iron , a c id -lab ile  sulphur
ferredoxin, FA D
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A lthough  F d -G O G A T  and N A D H -G O G A T  bo th  ca ta ly z e  the 
transam idation  o f  g lu tam in e  am id o -N  to  the C t-am ino p osition  o f  2 -
oxoglutarate to  form  tw o  m oles o f g lu tam ate , the  tab le  show s clearly  that 
the  tw o  enzym es are g rea tly  d ifferent in  structure, k inetic  p roperties, and 
localization.
D evelopm ental patterns o f the  tw o  enzym es are also  d iffe ren t. In 
ea rly  grow th stages o f  h ig h e r plant seed lings , N A D H -G O G A T  activ ity  is 
h ig h e r than F d -G O G A T , th is ac tiv ity  gradually  decreases w hereas F d -  
G O G A T  activ ity  in c reases  during seed lin g  developm ent. In  m a tu re  green 
tissu es  F d -G O G A T  is  the  m ain fo rm , and N A D H -G O G A T  ac tiv ity  is 
e ith e r absent o r co n trib u te s  less than  5%  o f  the  to ta l ac tiv ity  in  m ature 
sh o o ts  (S tew art and  R h o d es , 1 9 7 8 ; M ato h  an d  T a k a h a sh i, 1982). 
W allsg rove c t al. (1982) reported tha t during  greening  o f  e tio la ted  shoots 
o f  pea  and barley, F d -G O G A T  activity increases rap id ly  and in  light grown 
leaves  F d -G O G A T  ac tiv ity  is 3 0 -4 0  fo ld  h ighe r than  N A D H -G O G A T  
activ ity . F d -G O G A T  ac tiv ity  has also  b ee n  show n to  be p resen t in  soybean 
roo t nodules w here it appears to  be ab o u t tw ice as  h ig h  as N A D H -G O G A T  
ac tiv ity  (Suzuki e ta /.1 9 8 4 b ). W ork on  G O G A T  in  roo t nodu les has  shown 
th a t N A D H -G O G A T  ac tiv ity  in c re a s e s  d u rin g  n o d u la tio n  o f  lupin  
(R obertson  c t al., 1975) and soybean (R eynolds c t  al., 1982) ov er a tim e 
co u rse  sim ilar to  the inc rease  in n itro g en ase  in  th e  bac tero ids. A ll these
re su lts  suggest th a t th e  tw o  en zy m es  are u n d e r  d iffe re n t regu la to ry  
m echan ism s w hich  a re  close ly  re la te d  to  th e ir  fu nc tions  in  d iffe ren t
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p la n t cells. F rom  A . thaliana  m u tan ts  (S om erv ille  and O gren , 1980) and 
barley  m utan ts (K endall e t al. 1986), F d -G O G A T  and N A D H -G O G A T  
appear to be coded fo r by  d iffe re n t genes.
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1 .8 . A im  o f  the study
In contrast to  the w ork on F d -G O G A T  in  green tissues, m uch less 
w ork  has been done on  N A D H -G O G A T . T his m ay  be due  to  the instability 
o f  the  enzym e in vitro  and  the low  abundance  o f  the enzym e p resent in 
m any  tissues (S uzuki and G adal 1984). N A D H -G O G A T  in  root nodules 
p lay s  a  crucia l ro le  w ith  G S  in  assim ila ting  am m on ia  p roduced  during 
d in itro g en  fix a tio n . T herefo re  it is im p o rtan t to  s tudy  the  enzym e to 
determ ine the relationship  betw een N A D H -G O G A T  and F d -G O G A T  and 
the regulation  o f  G O G  A T and G S. M oreover in com parison  to  the w ork on 
G S , very  little  is know n about the cod ing  and  exp ress ion  o f  G O G  A T in 
h ig h e r plants; to date  no  clones have been obtained fo r  e ither Fd-G O G A T  
or N A D H -G O G A T . M y research  p ro ject is to  study N A D H -G O G A T  of 
roo t nodu les o f  P haseolus vulgaris. T he  w ork  has been  d iv ided  into the 
fo llow ing aspects: 1
(1 ) purify  p la n t N A D H -G O G A T  from  P h a sco lu s  vulgaris  root 
nodules.
(2) study the characteristics o f  N A D H -G O G A T
(3) produce po lyclonal an tibodies to  the purified  enzym e
(4) study the subcellu lar and ce llu lar localization  o f  N A D H -G O G A T
(5) study the changes in activ ities o f  N A D H -G O G A T  during nodule
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d ev e lo p m en t to  fin d  o u t the  re g u la to ry  fac to rs  a f fe c tin g  the 
expression o f  the enzym e.
(6) construct a  cD N A  library from  roo t nodu le  high m olecu lar w eight 
polyA +  R N A  and to  screen fo r clones cod ing  fo r N A D H -G O G A T .
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2 .1 .  M ateria ls.
1 . P la n t M ateria ls
Phascolus vulgaris L . cv  T enderg reen  w as gene ra lly  grow n in 
p la n t grow th room s in  6 ” pots w ith  perlite  under 18 h lig h t/6  h  dark cycles 
(2 2 *  to  24 C). T h e  light in tensity  w as 100 p m o l photons m ” ^  s~*. The
p la n ts  w ere w ate red  w ith H ew itt's  - N  nutrien t solution described  on page 
5 3 . N odules w ere form ed by inocu lating  5 d ay -o ld  seedlings (day  0) w ith 
R h izo b iu m  lcgum inosarum  bv p h a seo li  R3622. previously g row n fo r tw o 
d a y s  at 30°C  in  y east ex trac t/m an n ito l m edium . F ig 2.1. show s a 2 5 -d ay  
o ld  p lan t o f  P. vulgaris.
For m u tan t experim ents, seeds w ere surface sterilized  and sown 
in  au toc laved  tissu e  tow el until germ inated  and  then  five seedlings were 
tra n sfe rre d  to 1 lite r  beakers w ith  au toclaved  perlite  filled w ith  autoclaved -  
N  n u trien t so lu tion . T he beaker w as  surrounded b y  black p ap e r to  exclude 
lig h t. 5 d ay -o ld  seedlings w ere inocu la ted  w ith  R h izo b iu m  m utan t CE108 
an d  w ild  type CE3 separately as con tro l.
For a rg o n  experim ent, seeds w ere soaked  in  runn ing  tap water 
o v e rn ig h t and then  sow n in verm icu lite  until 5 cm  high  and 5 seedlings were 
tra n sfe rre d  in to  tw e lv e  40cm  d iam ete r plastic p o t w ith g ravel, w hich were 
f i l le d  w ith  -N  nu trien t solution. O n  the  second day  plants w ere  inoculated 
w ith  R h izo b iu m  R 49 6 2  (dayO). O n  day5 po ts w ere sealed  w ith  silicone
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rubber sea lan t and a gas m ixture containing 80% nitrogen and 20%  oxygen 
(7 pots) o r  80%  argon and  20%  oxygen (5 pots) w ere supplied at a flow  
rate o f  2 0 0 m l/h r . O n day  15 the first n o d u le  sam ples w ere harvested from  
both  n itro g en  supplied p la n ts  and argon supplied ones (one pot o f  each); 
fo r  the rem ain in g  argon supp lied  pots, tw o  w ere sw itched o ff  argon  and 
tran sfe rred  to  nitrogen an d  tw o  w ere g iv e n  lOmM  am m onium ; and  the 
rem ain ing  tw o  w ere m ain ta in ed  on a rg o n . For the rem aining  n itro g en  
supplied p o ts , tw o w ere sw itched o ff n itrogen  and transferred  to argon and 
the  rem ain in g  tw o w ere s til l given n itro g en . N odules from  pots o f  each  
treatm ent w e re  then harvested  on day 16 and  19.
N odules (F ig .2 .2 .)  were p ic k ed  on about day 20  after legum e 
inocu la tion . U nless o the rw ise  stated nod u le s  w ere p icked, free o f  the root 
sy s tem  a n d  sto red  in  l iq u id  n itrogen . F o r  the  n o d u le  d ev e lo p m en t 
ex p e rim en t show n in  F ig .6.1.-6., sam ples harvested  at day  5 , 8, and  10 
consisted  o f  the  top 5 cm  o f  the nodulating root system . For purification  o f 
N A D H -G O G A T , nodules w ere  also grow n in  greenhouses ( 21° to  2 4 °C  ) 
w ith  natu ra l daylight supplem ented  to  14h day  length w ith artificial lighting. 
F o r localiza tion  o f  N A D H -G O G A T  in ro o t nodule ce lls , the nodules w ere 
p icked on day. 18 after leg u m e inoculation and placed on ice fo r ex traction . 
S oybean nodu les w ere harvested  from  G lycine m ax  cv P rize and 
a  C h inese  v arie ty , P e k in g  grow n in  g ravel in  grow th  ro o m s as 
described  ab o v e  except th a t the day leng th  w as 12 h. The rh izob ia strain  
used  w as B radyih izob ium  japon icum  U SD  A  110.
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Pea an d  alfalfa w ere  grow n in the sam e way as French bean. 
Pea se e d lin g s  w e re  in o c u la te d  w ith  R h i z o b i u m  le g u m in o s a r u m  bv 
lc g u m in o s a r u m . A lfa lfa  se e d lin g s  w ere in o c u la ted  w ith  R h iz o b iu m  
m clilo ti.
Fpr experim en t o f  am m onia  effec t o n  N A D H -G O G A T , beans 
w ere soaked in  ru n n in g  w ater o vern igh t and th e n  sow n in  verm iculite for 
Sdays until the f ir s t le a f  grew  ou t. The coty ledons w ere picked o ff  and the 
seedlings w ere suppo rted  by w ire  m esh  in a tray  (hydroponic system ) filled 
w ith  - N  nutrien t so lu tion  and b u b b led  w ith fresh  a ir  (Fig.2.3.). O n the third 
day  lO m M  am m on ium  sulphate so lu tion  w as g iv en . Sam ples o f  roo t and 
leaves w ere harvested  at 10 hours and  24 hours a f te r  giving am m onium .
T he e t io la te d  le a v e s , s tem s, co ty le d o n s , w ere  o b ta ined  by 
grow ing beans in  dark  room fo r  2  w eeks w atered  w ith  -N  nutrien t solution.
N itrogenase  an tibody w as kindly su p p lied  by D r. T. B isseling, 
D ept, o f  M olecu lar B iology, A gricu ltu re  U niversity , W ageningen.
U ricase  an tibody w as k indly  sup p lied  by D r. D .P .S . V erm a, 
M cG ill U niversity , M ontreal.
Seeds w ere  obtained fro m  Booker S eeds Company.
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2.2. Chemicals
A ll C hem ica ls o f  th e  h ig h e s t  g ra d e  c o m m e rc ia lly  a v a ila b le  w e re  
o b ta in e d  f ro m  :
Boehringer C orporation  (L ondon) L td .
B D H  C hem icals Ltd.
B io -R ad  Laboratories Ltd.,
F isons Chem icals Ltd.
Pharm acia (G B ) Ltd.
S igm a Chem ical Co. Ltd. (L ondon )
G rand Island B iological Co. L td .
T he follow ing biochem icals and rad iochem icals  w ere  obtained from  
the Suppliers indicated.
A m e rsh a m  I n te rn a t io n a l  p i c ,  A m e rsh a m  L a b o ra to r ie s ,  
Buckingham shire :
N a 125 I ( 13.5 m C i Hg _1 )
L - lU - * 4 C] G lu tam ine (10.5 G B q /m m o l, 285 m C i /  m m ol, 1.85 
M B q /m l )
L-«[U-14C] G lutam ic A cid ( 10.5 G B q /m m o l, 285 m C I/m m o l, 1.85 
M B q/m l )
L -[33 -S ]-M cthionine ( 1000 a  m m o l- 1 ) 
y32- P  ATP 
a 3 2 -p  G TP
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B.D.H. C hem icals Ltd., Poole, D orset:
Acrylam ide, am m onium  persulphate, sodium  d odecy l sulphate. 
Eastm an K odak, Rochester, N E W  York, U SA ;
N .N '-m ethy lene bisacrylam ide, N ,N ,N ,N ,'-te tram ethy lene diam ine. 
Pharm acia (G B) Ltd., London:
Sephacryl S 3CX) superfine, B lue Sepharose, S ephadex -G  50,
Low  m o lecu lar w eigh t p ro te in  k it and  h ig h  m olecu lar w eigh t 
p ro te in  k it fo r denaturing  po lyacrylam ide gels, m o le c u la r  w eight pro te in  
m arker fo r gel filtration colum n.
Sigm a Chem ical C o .Ltd., Poole, D orset:
A garose ( type  1 low  EEO  ), bov ine  se ru m  album in ( B S A  ), 
C o o m assie  b rillian t b lue  R , p h en y lm eth y lsu lp h o n y l fluoride  (P M S F ). 
Staphylococcus aureus P rotein A .
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2 .3 .  Methods used in biochemical study of NADH-GOOAT
1. Growth of Rhizobium
1). P reparation  o f  Y east M annito l m edia and A gar
k 2 h p o 4 0.5g
M g S 0 4 .7H 20 0.2g
N aCl O .lg
M annitol 10.0g
Y east extract l.Og
A gar 15.0g
N B . so lu tion  fo r rh izobia grow th  w ithout agar
A dd the  above com ponents to  d istilled  w ate r a n d  m ake up to  1 
lite r. A djust the pH  to about 6 .8  and  autoclave a t 120*C.
M ake the  slope in universa l vial w ith the au toclaved  agar solution.
2) G row th  o f R hizobium
R h izo b iu m  strain w as grow n on  slopes at 30*C  fo r  tw o  days and 
th e n  transferred  to  10 m l Y M  solution and incubated  at 3 0 °C  overnight and 
th e n  transfered  to  1 liter flask  w ith  500 Y M  solu tion  and incubated  at 30°C  
fo r  tw o  days. It w as then ready  fo r inoculating the plants.
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2. Hewitt's -N  Nutrient Solution for Nodule Growth
M ajor nutrients (for 50 liters)
M g S 0 4 .7H 20  18.4g
N a2H P 0 4 .1 2 H 20  23.9g
K 2 S 0 4 17.4g
C aC l2.6 H 20  43 .8g
D issolve each  separately in  400  m l o f  deionised water.
Trace elem ent stock solutions
M n S 0 4 .4H 2 0 1 .115g
CuS 0 4 .5H 20 0.25g
Z n S 0 4 0.145g
H 3B O 3 1.55g
N aC l 2.925g
(N H 4 )g M o7 0 2 4 .4H 20 0.044g
C oSO 4 .6 H 20 0.265g
D isso lve each  separately in  100 m l o f  deionised  w ater
N aF eE D T A  18.3 5 g /5 0 0 m l deionised w ater
M ix  trace elem ents (1m l o f  each, except fo r  2 .5m l o f  N aF eE D T A ) 
in  a  2  li te r  f la sk  h a lf  f illed  w ith  tap w ater. A dd 40m l o f  e a ch  stock 
so lu tion  excep t C aC l2 . A dd  l.S m l o f  2N  HC1. A dd C aC l2 m ix ing  qu ick ly . 
M ake u p  to  5  lite r w ith tap  w ater. A djust pH  to  -6 .5 .
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3. Preparation o f nodule samples
1) .P reparation  o f  p la n t-c e l l  free extract
F rozen  n o d u le s  (0.5 g) o r root system  (2  g) w ere ground in  a  
m o rta r  and pestle  w ith  2 .5  m l ex traction  b u ffe r (50  m M  HEPES pH  7 .5  
con tain ing  0.5 M  sucrose , 10 mM  D l l , 1 m M  ED T A  and Im M  PMSF). T he 
hom ogenate  was tran sfe rred  to  m icrofuge tubes and  centrifuged at 11,600 x  
g fo r  10 m in . T h e  supern a tan t (abou t 2.5 m l) w as desalted  on a 5 m l 
S ephadex  G -5 0  co lu m n  and either u sed  directly  o r  prepared fo r the H PL C  
co lu m n  as fo llow s. T h e  extract w as d ilu ted  to  6  m l w ith H PLC runn ing  
b u ffe r  (50 m M  p o ta ss iu m  phosphate bu ffe r pH  7.5, containing 1 m M  ED TA  
and  1 m M  D TT) and  filte red  through a 0 .2  Jim filte r and used im m ediately 
fo r  enzym e activ ity  m easurem ents and chrom atography on H PLC colum n. 
A ll procedures w ere ca rried  out at 0*to  4*C.
2 )  .P reparation  o f  n o d u le  samples fo r localization o f  N A D H -G O G A T  tw o  
isoenzym es
A . N odu le  sam ples f o r  sucrose gradients
Freshly  p ic k ed  nodules (10  g) w ere gen tly  pressed until b roken  
w ith  a  spatula spoon in  20 m l 0.1 M  Tricine bu ffer, pH 8.0, containing 0 .4M  
sucrose. lOmM KC1, 10 m M  EDTA, 5 m M  D TT, 1 m M  M gCl2. Im M  P M S F  
an d  2m M  reduced  g lu ta th ione , and  filtered  th rough  M iracloth to  separate  
in n e r  nodule tissue fro m  outer cortex tissue. T he pooled extract o f  the in n e r
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tissue
A )  .w a s  a p p l ie d  d ire c tly  to  a  s tep  g ra d ie n t d e sc r ib e d  in  
2 . 5 . A ., b y  B oland e t a l . ,  1982 to  iso la te  m ito ch o n d ria , p la stid s  and  
bactero ids.
B ) .w as c e n trifu g ed  a t 1650 x g fo r 4  m in  to  pelle t cell debris  and  
s tarch  g ranu les  and  g av e  a  light brow n sloppy layer w hich  con tained  the 
bactero ids and som e p rop lastid s . The darker red  flu id  above the bactero ids 
w as ca re fu lly  poured  o f f  and  kept fo r cen trifugation  on sucrose gradient to  
p repare  p lastids as d escribed  in  (Boland and  Schubert, 1983).
B . N odule  sam ples fo r iso la tio n  of outer cortex:
F resh ly  p ick ed  n o du le s  (abou t 5 g ) w ere gen tly  pressed w ith  a 
spatu la  spoon in  50 m M  p H  7.5 HEPES bu ffe r containing lOmM D TT, Im M  
P M S F , 0 .5  M  sucrose a t  0*C . The inner part constituents were w ashed  o ff  
w ith  the above bu ffe r u n ti l th e  ou ter co rtex  was w hite . T he ou te r co rtex  
w as g ro u n d  w ith  a p e s tle  in  a m ortar w ith  2 m l o f  the above b u ffe r  and  
tra n sfe rre d  in to  a  m ic ro fu g e  tube and cen trifuged  fo r 5m in  in  co ld  room . 
T h e  su p e rn a tan t w as d ilu te d  4 -fo ld  and  then loaded  on to  H PL C  io n -  
exchange colum n.
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4 . Iso la tio n  an d  id e n tif ic a tio n  o f tw o N A D H -G O G A T 
isoenzym es
1) Chrom atography on  H PLC ion -ex ch an g e  colum n
5m l o f  desalted  ex trac t w as loaded onto  a  DEA E T S K  5PW  (7.5 x 
75  m m ) co lum n  p re e q u ilib ra te d  w ith  H PL C  run n in g  b u ffe r  at room  
tem peratu re . T he pro te ins w ere  th e n  elu ted  at a f lo w  rate o f  0 .5  m l m in“ 1 
w ith  5 m l H PLC runn ing  b u ffe r  fo llow ed  by 20  m l o f a 0  to  0 .4  M  KC1 
g rad ien t and  then 5 m l o f  0 .6  M  KC1 all m ade up  in  HPLC runn ing  buffer. 
0 .5  m l fractions w ere  collected , p la ced  on ice and then assayed fo r N A D H - 
G O G A T  activity.
2 ) C hrom atography on H PLC g el filtration  colum n
0.5 m l o f  ex trac t w as  loaded  on to  an  analy tical H PL C  gel 
f iltra tion  colum n (T S K  G 4000S W  7.5  x 600 m m ) preequilibrated  and then 
ru n  w ith  the b u ffe r  described  abo v e . 0 .5  m l fractions w ere co llected  at a 
f lo w  ra te  o f  0.5 m l m in - *. M a rk e r  pro te ins d isso lved  in  the  sam e b u ffe r 
w ere  run  under iden tica l cond itions; the  proteins u sed  w ere (3-galactosidase 
( M r  5 2 0 ,0 0 0 ), g lu tam a te  d eh y d ro g e n a se  (M r  340 ,000), ca ta la se  (M r 
232 ,000 ), alcohol dehyd rogenase  (M r  150,000), haem oglobin  (M r  64,000), 
cy tochrom e c (M r 13,000).
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5. Localization o f two NADH-GOGAT isoenzymes: separation of 
the organelles on sucrose gradients
1) P rep ara tio n  o f  sucrose  g rad ien ts  an d  cen trifugation  fo r iso la tion  of 
d iffe ren t organelles
A . Iso la tin g  m itochond ria , p la stid s  a n d  bactero ids fo llow ed the m ethod 
described  by  B oland e ta / .  (1982 )
2.5m l o f  2.3 M  sucrose  in  0.1 M  T ric in e-K O H  pH 7.8  buffer 
co n ta in in g  2m M  D TT, 2 m M  red u ced  g lu tath ione and 10 m M  KC1 was 
p ip e tte d  in to  a  38 m l c e llu lo se -n i tra te  tube  at 0* to  4*C . 34 m l o f  linear 
g ra d ie n t o f  0 .7 5 -2 .0  M  su c ro se  in  th e  above b u ffe r w as then  gently 
p rep a re d  on  top o f  the 2 .3 M  sucrose . F inally  3m l o f sam ple w as gently 
load ed  o n  the top. A ll g rad ien ts  w ere  cen trifuged  in  a  Beckm an SW  27.2 
ro to r a t 4 °C  at 11,000 rpm  ( 16 ,000 g ) fo r 4.5 h. after slow acceleration. 
A fter the  run , 2m l fractions w ere  p ick ed  out w ith an  autom atic pipette.
B . A  rap id  m ethod fo r iso la ting  p la stid s  ( B oland and Schubert 1983 )
23m l o f  2M  sucrose  in  0 .1M  T ric in e-K O H  pH  8 .0  buffer 
c o n ta in in g  2fnM  D TT, 2 m M  red u ce d  g lu tath ione, and  lOmM  KC1 was 
p ipe tted  in to  a 38m l ce llu lo se -n itra te  tube  and 12ml o f 0.8 M sucrose in  the 
sam e b u ffe r  was then gen tly  loaded o n  the top  o f  the 2 M  sucrose. Finally, 
3m l o f  n odu le  sam ple from  2 .2 .2  B . w as carefu lly  layered  on the sucrose 
g rad ien t and  w as then cen trifuged  a t 11 ,000 rpm  ( giving a  re f  range from
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14,000 to  19,000 x  g ov er the leng th  o f  the  g rad ien t), fo r 30 m in  in  a 
sw inging bucket ro to r  SW 27 at 4 #C. T h e  pellic le ,abou t 2  m l,at the interface 
betw een the tw o sucrose  layers w as w ithd raw n  w ith  a syringe. This fraction 
w as refen-ed to  as th e  plastid  fraction. T h e  flu id  rem aining  at the top  o f the 
gradient was considered  to be the soluble frac tion  from  the nodule.
6. Purification o f two NADH-GOGAT isoenzymes
1) C rude Extract
A ll th e  procedures w ere ca rr ie d  o u t in  a co ld  room  except steps
4  and 5.
100 g o f  frozen nodules w e re  g round  in  a co ffee  grinder fo r 2 
m in  then  tran sferred  to  a m o rta r and g ro u n d  w ith  pestle  in  about 200 ml 
ex trac tion  bu ffe r. T h e  b re i w as then  d ilu te d  to  500  m l w ith  extraction  
bu ffer, filtered th rough  fou r layers o f  m u s lin  and  centrifuged at 11,000 x g 
fo r  20  m in. T he su p ern a tan t w as then  su b jec ted  to  stepw ise am m onium  
sulphate p rec ip ita tion  and th e  pellet, p rec ip ita ted  by  35 to  60% saturation 
w ith  am m onium  su lphate , w as d isso lved  in  20  m l o f  potassium  phosphate 
bu ffe r pH  7.5 con tain ing  1 m M  PM SF.
2 ) G el filtration o n  Sephacryl S -3 0 0
T he ex trac t w as loaded on to  a  100 x 3.5 cm  Sephacryl S -3 0 0
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co lum n. T h e  colum n w as ru n  overn igh t w ith  5 0  m M  potassium  phosphate 
b u ffe r  con tain ing  1 m M  E D T A  and 0 .5  % P -  m e re  apt oethanol (runn ing  
b u ffe r)  a t 24 m l h “ * and 8 m l fractions w ere co llec ted . Fractions showing 
h ighest activity  o f  N A D H -G O G A T  w ere poo led  a n d  glutam ic acid (N a salt) 
w as added to  5 m M .
3 ) C hrom atography on B lue Sepharose colum n
The partia lly  pu rif ied  extract w as th e n  load ed  onto a  3 0  x  1.5 cm 
B lu e  Sepharose co lum n  p rev io u sly  e q u ilib ra ted  w ith  running buffer. The 
co lum n  w as w ashed o vern igh t w ith abou t 4 0 0  m l  o f  the same b u ffe r and 
th e n  w ith  100 m l o f  the sam e bu ffe r b u t c o n ta in in g  0.1M  N aCl. N A D H - 
G O G A T  ac tiv ity  w as then  e lu ted  w ith  ru n n in g  b u ffe r  con tain ing  0.3M  
N aC l, 50  m M  2 -o x o g lu ta ra te  and 50 m M  L -g lu ta m in e . T he fractions 
co n ta in in g  N A D H -G O G A T  ac tiv ity  w ere  p o o le d  and solid  am m onium  
sulphate w as then added to  8 0  %  saturation . T h e  prec ip ita ted  pro te ins were 
co llec ted  by  cen trifugation  an d  the p e lle t w as d isso lv ed  w ith 2 m l HPLC 
runn ing  bu ffer and desalted o n  a  Sephadex G -5 0  co lu m n  (as above).
4 )  Chrom atography on H PL C  Ion -E xchange C o lu m n
T he desalted  ex trac t w as m ade up  to  5 m l and  chrom atographed on 
th e  H PL C  ion-exchange co lum n as described above .
5 ) C hrom atography on H PL C  G el F iltration C o lu m n
The separated  tw o  isoenzym es w ere  p u r if ie d  to  hom ogeneity  by
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passage th rough  an  H PL C  gel filtration  co lum n (as above ).
7. Denaturing polyacrylamide gel electrophoresis
T h e  p ro te in s  afte r  e a ch  p u rific a tio n  s te p  w ere run  on a 
p o ly a cry lam id e  S D S  g e l (L aem m li, 1970) w ith  a  d iscontinuous b u ffe r 
system , u sing  the LK B 2001 V ertical E lectrophoresis  U n it.
l)T h e  fo llow ing  w ere stock  solution used:
A . 3 0 % (W /V ) acrylam ide
B. 2 % (W /V ) bisaciylam ide
C . 10% ( W /V  ) SDS
D . 1M  T ris HC1 pH 8.8
E. 1M  T ris H C lp H 6 .9
15.0% gels, containing the following 
A  30m l 
B 2.6m l
D .22.4m l
W ater 4.25m l
10.0% gels, containing the following 
A  20ml 
B 4 ml
C . 0.6ml
D . 22.4ml 
W ater 12.85m l
Stacking gel
A. 1.7 m l
B . 0.7ml
C . O.lml
E. 1.25ml 
W ater 6.25m l
2).T he electrode b u ffe r
P er liter
SDS l.Og
Tris base 6.0g
G lycine 28.8g
The gel w as run  at 30  m A  constant cu rren t
3 ).Sam ple buffer
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1 M  Tris-C l pH  6.8 1ml
10% (W /V )  SDS 2m l
20%  (V /V )  glycerol 2ml
4%  BPB lOOpl
h 2 o 5m l
B efore running th e  gel, take 200  p i o f  above m ix tu re and  add  4 
p.1 o f  p -M E  as sam ple b u ffe r . T he sam ples w ere  m ixed  w ith  th e  eq u a l 
vo lum e o f sam ple buffer. O nce in  sam ple buffer, all sam ples w ere hea ted  to  
100* C  fo r 3 m in. p rio r to  load ing .
4 ). A utoradiography and sta in ing  gels
The electrophoresed  gels, o r  portion  o f  them , w ere e ith e r  le ft 
u n fix e d  and  im m ediately  p rep are d  fo r  W estern  b lo tting  o f  p ro te in s  o n to  
n itroce llu lo se  (described  e lsew here ) o r  fixed  in  50%  m ethano l w ith  3 - 5  
tim es  changing fo r  silver s ta in ing  o r gels w ere stained w ith  C oom assie  b lue  
so lu tion  containing m ethanol and  acetic ac id  directly . G els con tain ing  3 5 $  _ 
m e th io n in e  labelled  p ro te in s  w ere  f ix e d  in  45%  (V /V )  m e th an o l, 10%  
(V /V )  acetic acid fo r 30 m in  an d  then w ere  fluorographed w ith  A m plify  fo r  
3 0  m in ., a fter that gels w ere d ried  dow n fo r  autoradiography.
M olecu lar w e ig h t m arkers w ere m yosin  (M r  2 0 0 ,0 0 0 ), P  -  
ga lac to s idase  (M r  116,250), phospho ry lase  B (M r  92 ,500 ), bov ine  se ru m
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album in (M r  66,200), ovalbum in (M r  45 ,000).
8. Protein electroelution procedure ( L aem m li, 1970)
1) .A cry lam ide  gel w as s ta ined  very  b rie fly  w ith C oom assie  b lue  (5 -1 0  
m in .), th e n  rinsed in  desta in  un til the p ro te in  bands becam e v isib le  ( 5 -  
10m in.). T h e  staining and  desta in ing  tim es w ere kept as short as possib le  
fo r m axim um  yields.
2 )  . The f la t-b e d  tank w as filled  w ith b u ffe r  (E lectrophoresis bu ffe r w ith  2 
mM  D l l ) .
3 )  . T he  b an d  o f  in terest w as cut o ff  and  p u t in to  a d ia lysis bag  w ith  the 
bu ffe r fro m  the tank, so  tha t the am ount o f  the b u ffe r ju s t covered  the gel 
slice. T he tw o ends w ere clipped w ith m ediclips and care was taken to  avoid 
trapp ing  an y  a ir bubbles. T he gel slice w as positioned  on one side o f  the 
d ia lysis bag .
4 )  . T he  d ia ly sis  bag w as p laced  onto  the  p la tform  o f  the elec tropho resis  
tank. T h e  level o f  the bu ffer was adjusted so that it ju s t covered  the bag.
5 ) . E lectrophoresis w as carried  out fo r abou t 20h. at 20 m A  constant current 
then the  current w as reversed  fo r approx 30 seconds.
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6 )  . The gel slice w as rem oved from  the bag and discarded. The solution was 
taken  to  a  m icrofuge tube and centrifuged briefly to  pellet any  small pieces. 
T he solution w as p u t back in to  the dialysis bag  and the protein solution 
w as d ia lysed  against a t least 5 changes o f  distilled w ater (4 -5  liters each  ) 
o v e r  2 -3  days at 0 * -4 * C .
7 )  . T he dialysed p ro te in  solution w as frozen  and lyophilised.
9. Enzyme assays
1) A ssay  o f  N A D H -G O G A T  Activity 
A . S pectrophotom etric assay.
The activ ity  o f  N A D H -dependent G O G  A T  was assayed at 18* 
to  2 2*C  by m easu ring  the oxidation o f  N A D H  a t 340  nm . T he reaction 
m ix tu re  rou tine ly  con ta ined  25 m M  H EPES b u ffe r  pH  7 .5 , 1 m M  2 -  
o x o g lu ta ra te , 2 .5  m M  L -g lu ta m in e , 0 .1 6  m M  N A D H , 1% (5- 
m ercaptoethanol and 100-200p l enzym e solution in  a  total volum e o f 1.2ml. 
T h e  reaction  w as in itia ted  by the addition  o f  the enzym e and the change in 
A 3 4 0  ( E  3 4 0 “  6 .22x  10 ® cm  m o l“ * ) w as m onitored  over a period of 
at least 2  m in and w as found to  be linear over the tim e. An assay  w ithout 2 -  
o x o g lu ta ra te  and L -g lu tam in e  w as used as co n tro l. T he ac tiv ities  are 
expressed  in fim ol N A D H  oxidized m in “ *. In the determ ination  o f  the Km 
values  o f  N A D H -G O G A T  for the various substrates, the concentration  of
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the substrates w ere varied  in  the  reaction m ix tu re . F or pH  determ inations 
the pH  o f  the  H EPES b u ffe r w as varied. Partia lly  purified extracts prepared 
as in the p u rifica tion  p rocedures but lacking the  B lue S epharose and final 
gel filtration  steps w ere used  in  these determ inations.
B. Radiochem ical assay.
N A D H -G O G A T  activ ity  w as m easured  b y  the production o f  R e ­
labelled  g lu tam a te  from  ^ C - g l u t a m in e  e sse n tia lly  as d e sc rib ed  by 
W allsgrove e f  a7. (1982) w ith som e m odifications. R C -g lu tam in e , obtained 
from  A m ersham  In te rn a tio n a l, w as purified  o n  a  colum n o f  D o w e x -1 -  
chloride an d  w as used  at a specific  activity  o f  109 p .C i/m m ol in the reaction 
m ix tu re . T h e  se p a ra t io n  o f  g lu tam a te  f ro m  g lu tam in e  b y  p a p e r  
electrophoresis w as achieved a t about 90V  fo r ab o u t 4h.
2 ) . A ssay o f  F d -G O G A T  A ctiv ity
F d -G O G A T  ac tiv ity  w as m easu red  according to  the m ethod 
described  b y  W allsgrove e ra / . (1982) bu t w ith  the m od ifica tions  as 
m en tioned  above.
3 ) . A ssay o f  N itrogenase A ctiv ity
N itrogenase activ ity  o f  nodulated ro o t system s w as m easured  by 
acetylene reduction  as described  previously (D art e t a/., 1972).
T h e  sam ple consis ted  o f  top  5 cm  ro o t system  w as p u t in a
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universal bo ttle  cove red  w ith a  S ubaseal through w hich  100 JXl o f  acetylene 
w as in jec ted  to  g iv e  an  acety lene  co n cen tra tio n  o f  ab o u t 3 .3% . A fter 
shaking , the bottle w as  incubated in  the light. W ith in  lh , 100pl o f  m ixture 
o f  the gases in the  containers w as taken every 5 m in  by B ecton  D ickinson 
p lastipak  syringe and  then in jec ted  in to  the gas ch rom atograph  and C2H 4 
w as q uan tified  by  a  flam e ionisa tion  detector. T he colum e pack ing  system  
used  w as 8 0 -1 0 0  m esh  Poropak R  in  a lm  x 0 .003m  d iam eter g lass colum n 
a t 100 C , w ith  a  n itrogen  ca rr ie r  gas flow  ra te  o f  2 0 m l/m in , using  a 
h y d ro g en /a ir  flam e ionisation detector.
A fter assay , the  nodules w ere picked o f f  the  root and  w eighed .The 
n itrogenase activ ity  is  expressed as pm ols e thy lene  produced  p e r  m in per 
gram  fresh w eight nodule.
10. Protein determination
P ro tein , in  c e ll- f re e  ex trac ts , w as determ ined  u sing  the BioRad 
P ro tein  A ssay  D y e -B in d in g  reagen t, and b ov ine  y -g lo b u lin  as standard. 
P ro te in  s tanda rd  con ta in in g  4 m g /m l  y -g lo b u lin  w as p rep are d  and a 
standard curve w as perform ed fo r each  assay. 1 0 -1 0 0  pg  o f  standards and 
lOOpl o f  app rop ria te ly  diluted sam ples w ere p u t in to  m icro fuge tubes and 
m ade to  2 0 0 p l w ith  assay  bu ffer. 1.0ml d ilu ted  5 - fo ld  dye reagen t w as 
added to  each  tube . A fter m ixing, A 595 was m easured  versus reagent blank. 
A 595 versus concen tration  o f  standards was p lo tted . U nknow ns w ere read 
from  the standard  cu rve  (Fig 2.4.).
A595
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F ig .2 .4 . S tandard C urve  For the B io -R a d  Protein A ssay
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11. Marker proteins assay
F or determ ination  o f N A D H -G O G A T  m o lecu la r w eigh t, the HPLC 
g e l filtration  co lum n (T S K  G 4000SW  7.5x  6 0 0 m m ) w as ca lib ra ted  using a 
n u m b e r o f  g lobu lar p ro te in s. T he colum n w as p reequ ilb ra ted  w ith  HPLC 
runn ing  buffer. M ark e r proteins disso lved  in  the  sam e buffer w ere run under 
iden tical conditions. T h e  m arker pro te ins w ere  assayed as described  below 
fo llow ed  the  m e thods described b y  C u llim ore  (1980 ) and th e ir  ac tiv ity  or 
abundance expressed  in  arbitrary u n its /frac tio n .
1) .P -galac tosidase  ( E .C . 3 .2 .1 .23 .-fro m  E .co liM r  520,000).
The reac tio n  m ixture con ta ined  in  0 .5m l: 25 p m o l  sodium  
phosphate  buffer, pH  7 .5; 0 .25 m g  o -n itroph en y l-(3 -D -g a lac to p y ran o sid e ; 
e n z y m e  ex trac t. T h e  reac tion  w as in itia ted  b y  add ition  o f  enzym e and 
te rm in a ted  by ad d in g  0 .5  m l 4 %  Na2CC>3. T h e  abso rbance  due to  o -  
n itrophenol w as m easu red  at 400 nm .
2 )  .G lutam ate dehydrogenase (E.C . 1.4.1.3. fro m  bovine liver M r  340,000)
T he reac tio n  m ixture contained  in  a  fina l volum e o f  1.0 m l in 
50 m M  pH 9 T ris bu ffe r, 10 mM  L -g lu tam ate , 3pm ol N A D , Im M  CaCl2, 
7m M  M gCl2- T he reac tion  was in itia ted  by  ad d itio n  o f  enzym e and activity 
determ ined by  fo llo w in g  N A D  reduction at 3 4 0  nm .
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3 ) .C atalase (E.C. 1 .11.1.6. - f ro m  bovine liver. M r  232 ,000)
T he reac tion  m ix tu re  con ta ined  in  1 .0  m l: 5 0  |im o l so d iu m  
phosphate  bu ffer, pH  6 .8 ; 2 .5  p.1 H 2 O 2 ; enzym e ex trac t. The assay  was 
in itia ted  b y  addition  o f  enzym e and ac tiv ity  w as determ ined  by fo llow ing 
the d isappearance o f  H 2O 2 a t  225 nm.
4 )  .A lcoho l dehydrogenase (E .C . 1.1.1.1. -  from  yeast. M r  150,000)
T he reaction m ix tu re  contained  in  1.0 m l: 5 0  p m o l Im idazole; 1 % 
ethano l; 0 .5  m g N A D ; en zy m e ex trac t. T he re a c tio n  w as in itia ted  by 
addition o f  enzym e and  activ ity  determ ined by  fo llow ing  N A D  reduction  at 
340 nm .
5 ) .H aem oglobin  ( M r  64 ,000  )
H aem oglobin  w as estim ated  by  its ab so rbance  at 430 nm .
6) .C ytochrom e c ( M r  18,500 )
C ytochrom e c w as estim ated  by  its ab so rbance  at 550 nm .
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12. Marker enzymes assay for localization o f two isoenzymes of 
NADH-GOGAT
For determ ination  o f  w h ich  o rganelle is w hich , th e  follow ing 
m arker enzym es o f  different organelles w ere assayed.
1). P -H y d ro x y  b u ty ra te  dehydrogenase (E .C . 1.1.1.30.): m arker enzym e for 
bactero ids (H anks, 1981).
T he ra te  o f  reduction  o f  N A D  at 340nm  w as fo llo w e d  on a 
spec tro p h o to m ete r u s ing  an assay  m ix tu re  o f  3 .0  m M  M gC l2 , 1.2 mM  
N A D + , 20 m M  so d iu m -D L -P -h y d ro x y b u ty ra te  and m ade up to  volum e 
(3m ls) w ith 100 m M  T ris-C l b u ffe r (pH  8.0 ). 100 p i o f  the ex trac t was 
used  fo r each assay.
2 ). Phosphog lycera te  D ehydrogenase (E .C . 1.1.1.95.): m arker enzym e for 
p lastids (B oland c t ah , 1983 ).
A ssay  w as carried  out in  0 .1  M  K -phospha te  bu ffe r, pH  7.5, 
contain ing  50  pm  N A D H  and 50 p i enzym e in a volum e o f 0 .98m l. T he rate 
o f  background-oxidation  o f  NADH w as m easured spectrophotom etrically  at 
3 4 0  nm ; then  20  p i  o f  20 mM  P -h y d ro x y p y ru v a te  w as added  and the 
substra te -dependen t rate o f  NADH ox ida tion  was m easured. The difference
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in  th e  ra te  w as considered  to  be the resu lt o f  P -g ly ce ra te  dehydrogenase 
ac tiv ity .
3) T riosephosphate isom erase(E .C .5 .3 .1 .1 .):m arker enzym e fo r plastids
T riosephosphate isom erase w as assayed by  the m ethod o f  G ibbs 
and T u rn e r (1964). The assay m ixture contained O .lm M  N A D H , lOmM  D L - 
g ly c e r a ld e h y d e - 3 - p h o s p h a te ,  0 .1 m l 2 u n i t s / m l  g ly c e ro lp h o sp h a te  
dehydrogenase and m ade up  to  1ml w ith  0.5M  T ris  buffer, pH  7.5. 100pl of 
the  co llec ted  extract w as then  added and the change in  A 340 w as recorded 
ov er a  period  o f  2min at 30°C .
4 )  . F um arase  (E .C .4.2.1.2.y.m a rk er enzym e fo r m itochondria
A ssay w as ca rried  out in 3 m l 0 .1M  pH  7 .5  potassium  phosphate 
b u ffe r  contain ing  50 m M  rnalate. A fter adding  20  p i  o f enzym e, the rate o f  
d isappearance o f  m alate w as m easured on a  spectrophotom eter at 240nm.
13. Immunological techniques 1
1) P roduction  o f A ntibodies
N A D H -G O G A T  from  S ephacryl S -3 0 0  co lum n  and B lue Sepharose 
c h ro m a to g rap h y  w as p rec ip ita ted  by  80%  (N H 4 > 2 S 0 4 , th e  pellet w as
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d isso lv ed  in  H PL C  running b u ffe r con tain ing  1 m M  P M S F  and then w as 
d e s a lte d  th rough  S ep h ad ex  G -5 0 . T he desa lted  enzym e w as
p u r if ie d  fu r th e r  by S D S -P A G E . T h e  enzym e w as then  elec troe lu ted  as 
desc rib ed  above and used in  the  im m unisation o f rat. R ats w ere hypoderm ic 
in jec ted  w ith  betw een 20pg  ahd 40|i.g o f  N A D H -G O G A T  prote in  each time. 
In  the  f ir s t in jection  the purified  pro te ins w ere m ixed w ith  an  equal volum e 
o f  F re u n d 's  com plete  ad juvan t (G rand  Island B io log ica l C o. L td .) w hile 
s u b se q u e n t in jec tion  co n ta in ed  in co m p le te  ad juvan t. B e fo re  the th ird  
in jec tio n , b lo o d  w as taken  to  test the  production  o f  an tibod ies. Each rat 
re c e iv e d  8 bo o ste r in jections at fo rtn igh t in tervals. B lood  w as collected 
fro m  cu ttin g  the ta il and fo r the  la s t tim e, the ra t p roducing  the antibodies 
w as te rm in a te ly  bled by cardiac puncture. B lood w as allow ed  to  clo t at room  
te m p era tu re , serum  was rem oved by  pipette and cen trifuged  at 3 ,000 xg fo r 
3 0 m in u te s  a t 4  °C  to  rem ove red  b lo o d  ce lls . A n tiserum  ra ised  against 
N A D H -G O G A T  w as stored  a t -2 0 ° C  w ith  no fu rther treatm ent.
2 ).O uch terlony  im m unodiffusion
S era  w ere tested  b y  the doub le  im m unodiffusion  technique as 
d e s c r ib e d  b y C u ll im o re  and  M iflin  (1983). A 1%  ( W /V )  so lu tion  o f 
ag a ro se  in  phosphate b u ffe red  saline (PB S) w as p rep are d  by  heating  to  
100*C . T h e  agarose w as allow ed  to  co o l to  50*C  and  the gels w ere cast on 
a  p e tri d ish  abou t 3m m  thick. S ix o r five  w ells (d iam eter 4m m ) w ere punched 
a ro u n d  a  cen tra l well.
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A . T he tite r o f  the  antiserum
T he serum  under test w as d ilu ted  in to  1 /2 , 1 /4 ,  1 /8 ,1 /1 6 ,  and 
the d ilu ted  serum  w ere p laced  in the surrounding wells. N odu le extract was 
p laced  in  the central w e ll .
B . T he o rgan  specificity
T h e  serum  (lOjxl) w as p laced  in  the cen tra l w e ll and the 
ex trac ts  fro m  d iffe ren t organs o f  P haseo lus vulgaris  and  n o d u le  extract 
from  soybean  w as p la ced  in  the su rround ing  w ells. T he p e tri d ish  was 
incubated  overn igh t at room  tem perature in  a  closed box con ta in ing  moist 
f ilte r  paper. A fte r incubation  the gels w ere  w ashed in P B S overn igh t and 
stained by  im m ersion  in the follow ing solution:
0 .25%  ( w /v  ) Coom assie brillian t b lue R 
50%  (v /v )  m ethanol 
7%  (v /v )  acetic acid
E xcess s ta in  w as rem oved  by w ashing gels  in 40%  (v /v  ) m ethano l; 7% 
(v /v )  acetic  acid . T he gels w ere then pho tographed .
3). Identifica tion  o f  antibody by im m unoprécipitation o f enzym e activity.
A. 0 , 5 , 10, 15, 20p.l o f  antiserum  w ere incubated  on ice fo r  90m in . with
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B. A t th e  s a m e  tim e, fiv e  a liquo ts  o f  SOp.1 o f  S epharose  p ro te in A  
(1 4 3 m g /m l P B S )  were incubated  on ice w ith  100pg o f  rabbit an ti-ra t IgG 
in  100 m M  K -P h o sp h a te  bu ffer as m entioned above.
C. Each sam p le  from  A was m ixed with each aliquot from  B and the m ixture 
w as left on ic e  f o r  90 min.
D. The m ix tu re  from  C  was centrifuged in m icrofuge at 4 #C  for 10 m in. The 
supernatant w a s  assayed fo r N A D H -G O G A T  activity.
E. I f  th e re  w a s  n o  N A D H -G O G A T  ac tiv ity  in  supernatan t, Sepharose 
beads from  D . w ere  w ashed w ith  K -Phosphate b u ffe r as m etioned in StepA  
contain ing  2 % trito n  for 4  tim es followed by adding lOOp.1 o f  PAGE loading 
bu ffer and  b o il in g  for 4 m in  and  then were run on S D S -po lyacry lam ide gel.
4). A nalysis o f  pro te ins by im m unoblotting ("W este rn "  Blotting)
A d a p tin g  prev iously  published  m e th o d s (G ershon i and P alade, 
1983), all b lo t tin g  was perform ed using the B ioRad T ransblo t apparatus.
S am p le s  to  be exam ined were subjected to  SD S polyacrylam ide gel 
e lec tro p h o re sis  a s  described in  2.2.8. A fter elec tropho re sis , the stack ing  
gel was cu t a w a y  w ith a scalpel and the rem ainder o f  the gel trim m ed if
100  p.1 o f  e x t r a c t  separately  in  lOOmM K -p h o sp h a te  b u ffe r pH  7.8
containing Im M  PM SF, lOmM  D TT, Im M  HDTA.
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necessary . T he gel w as th e n  w ashed in  "W estern  tra n sfe r bu ffe r"  o f  the 
fo llow ing com position:
192 m M  glycine 
25 m M  Tris b ase  
20%  ( v /v  ) m e th an o l 
0.1 (w /v )  SDS
The gel w as p la c e d  on  a  piece o f  foam  ("S co tch-brite") and a piece 
o f  n itrocellu lo se  (pore s iz e  0 .45pm ) w as cu t to  f it th e  g el exactly . The 
n itrocellu lose was soaked  in  "W estern" tran sfer b u ffe r and  laid  over the gel, 
care being  taken to  avo id  bubb les betw een  layers. A  second "S co tch-brite" 
pad  w as placed over the n itrocellu lose.
T ransfer w as p erfo rm e d  as described  by V aessen  e t al. (1981). The 
g el sandw ich was p laced  in  aT ran s-B lo t Cell (B ioR ad) w hich  contained  3 
liters o f  transfer buffer. T ra n sfe r  was perfo rm ed  a t 4*C  fo r 20 h. at 45 volts 
w ith  stirring. A fter tra n sfe r , filters w ere incubated  w ith  shaking  in  100 ml 
o f  PB S con ta in ing  3 %  M a rv e l (W /V ) ,  ov er 2 h  w ith  th ree  changes o f 
so lu tion  to  saturate u n b o u n d  sites.
A . W estern blot for pe ro x id ase  colour developm ent
A fter satu ra ting  unbound s ites, the  f il te r  w as developed e ither by 
peroxidase colour dev e lo p m en t or by 125i_protein  A  labelling  m ethod.
F or perox idase co lo u r  developm ent, the  f ilte r  w as incubated  with
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2 5 -1 0 0  p i o f  antiserum  in 10ml o f  0 .1 %  T w een /P B S  and was sealed  in a 
p lastic  bag  either fo r 4h o r fo r o v e rn ig h t w ith shaking  at 200 rpm  at 30°C . 
A fter w ashing 5 tim es in  0 .1%  T w e e n /P B S  over lh ,  the filter was incubated 
w ith  33 p l o f B iotinylated P rotein A  in  10 m l o f PBS in a sealed plastic bag 
w ith  shaking at 3(fC fo r  lh . A fte r w ash in g  5 tim es w ith  0 .1%  T w een /P B S , 
the  f ilte r w as incubated  w ith  33 p i  o f  Streptavidin P eroxidase in 10 m l o f 
PB S sam e as p rev ious step  fo r  3 0  m in . A fter w ash ing  tw ice w ith  1% 
T w e e n /P B S  and tw ice w ith  P B S  th e  filte r w as incubated  w ith im m uno  
staining solution contain ing  m ix tu re o f  solution A  and solutionB:
Solution A  : 1.46g N aC l in  50m l 20 m M  T ris "Cl bu ffer w ith  
3 0  p i o f  30%  H 20 2 .
Solution B : 30m g 4 -C h lo ro - l -N a p th o l in  10 m l o f  m ethanol.
O nce b lue p ro te in  b an d s  appeared, the developing reaction  was 
stopped  by w ashing the  filte r in  w a te r  repeatedly ov er 60m in and the filte r 
w as d ried  in  the dark and then w as photographed.
B . W estern  Blotting fo r a  Labelling
A fter sa tu ra ting  rem a in in g  unbound sites by incubating  w ith 
M arv e l, th e  f ilte r w as in cu b a ted  w ith  2 5 -1 0 0  p i  o f  an tiserum  in  PBS 
overn igh t fo llow ed by w ash ing  th e  filte r 6  times w ith  100ml o f  PBS and 
in cu b a tin g  w ith  3%  M arvel d isso lv ed  in PB S contain ing  10 6 Cpm  
[125„ -p ro te in  A  fo r 3h. A ll u n b o u n d  protein A  w as rem oved by w ashing
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w ith  PBS containing 1% (V /V )  T r ito n -X  100 several tim es. The filte r  was 
then  dried and autoradiographed at -8 0 * C  u s in g  an in tensifying screen  as 
described  in 2.2 .8 . Positions o f  rad ioactive b an d s  on "W estern" b lo ts  were 
determ ined from  the corresponding autoradiograph.
2.4. Methods fo r the cloning o f gene(s) encoding NADH- 
GOGAT
1.Growth and storage of bacteria:
F or long term  storage o f  b ac te ria  (over 9 m onths), bacteria 
w ere  kept as frozen  glycerol stocks. 5 0 0 p l o f  a  10 m l overnight cu ltu re in 
LB  (lO g bacto tryptone, 5g yeast ex tract, lOg N aC l, pH  7.5 per lite r d d H 20) 
m ixed w ith 300p.l o f  50%  glycerol and  stored  frozen  at -70°C .
2.Agarose gel electrophoresis
1). R apid analysis agarose gel e lectrophoresis
F or rapid analysis o f  res tr ic tio n  enzym e digest products or 
D N A  q u an tita tion , a  m in i-g e l ta n k  (U n isc ie n ce ) w as used; 5 0  m l o f 
0 .7 % (w /v )  agarose in  lx T B E  (1 li te r  o f  10 x  T B E  consisted o f  T ris  Base 
108g, B o ric  acid 55g N a2ED TA  9 .3g , pH  8.3) w as prepared by m elting  the
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agarose in the bu ffe r using a  m icrow ave oven . T he m o lten  gel was coo led  to 
6 0 °C  and E tB r added  to O .lm g /m l. T h e  g e l w as p o u re d  into the g el tank 
con tain ing  either an  8 -  o r 16 -p lace  com b and  le ft to  se t fo r 30m in at room  
tem perature. The com b w as rem oved and  the  gel co v e red  in  lxT B E  buffer. 
5 x  loading  bu ffer w as added to each sam ple. T he sam p les  were loaded  into 
the  w ells and the gel run fo r 3 0 -6 0  m in a t 70  m A . G e ls  w ere visualised  and 
photographed.
2). A lkaline agarose gel electrophoresis
A lkaline agarose gels (M cD onnell ef a /. 1977) w as used to  check 
th e  s ize  o f  the f i r s t  and  th e  second  D N A  s tra n d s  sy n th e s iz e d  by  rev erse  
tran scrip tase . B ecause the addition  o f  so d iu m  h y d ro x id e  to hot agarose 
so lu tion  causes hydrolysis o f  the polym er, the  gel w as  prepared in  a neutral, 
u n b u ffe red  so lu tion  (50m M  N aC l and  Im M  E D T A ) and equ ilib ra ted  in 
alkaline electrophoresis b u ffe r (30m M  N aO H , Im M  E D T A ) before running. 
F o r  a 1.2%  100m l gel, 1.2g agarose w as m e lted  in  150m l 50m M  N aC l and 
Im M  ED TA  in a  m icrow ave oven and w as coo led  to  50°C  and eth id ium  
b rom ide ( lO m g /m l in  w ater, stored in  a  l ig h t-p ro o f  b o ttle )  was added  to a 
f in a l concentration  o f  2 p g /m l. The gel w as  p o u red  in to  a  m id -s ize  plastic 
p la te  w ith  sealed edges w ith  tape. A 1 0 -te e th  co m b  w as  placed and the gel 
w as set at room  tem perature fo r about 30m in . A fte r  th e  gel was com pletely 
se t , the com b w as rem oved carefully  an d  the  ru n n in g  bu ffer contain ing  30 
m M  N aO H , 2 m M  ED TA  w as added to  the  ta n k  to  cover the g el. l p l  
(0.1 p C i) o f  the f irs t strand cD N A , l p l  (0.1 p C i)  o f  doub le  strand cD N A ,
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and 4 p l  o f  m arker D N A  pB R 332/H aeIII, X D N A /A cc I , w ere m ix ed  with 
5 -1 0  |i.l o f  loading bu ffer (200p.1 o f  20%  g lycerol, lO pl o f  4%  brom ophenol 
b lue , 8 0 0 p l o f alkaline /E D T A  running buffer). A ll samples w ere  loaded on 
the gel im m ediately  and  run at 45m V  overn igh t. T hen the g e l w as dried 
under vacuum  and autoradiographed.
3). F orm am ide agarose gel
SP6 transcription product was run o n  form am ide ag a ro se  gel to 
check th e  size.
S o lu tions:
10 x M o p s  bu ffer 0.2M  M ops
0.05M  Sodium  acetate 
0.01M  ED TA
pH  w as ad justed  to 7 .0  w ith N aO H . A fter au toclav ing , the so lu tion  turned 
yellow .
F iltered  form aldehyde:
A  com m ercial form aldehyde solution (40%  w /v  form aldehyde) 
w as  f i l te r e d  th ro u g h  W h a tm an  N o .l  p a p e r ,  w h ich  re m o v e d  any 
parafo rm aldehyde that m ight have precipitated o u t o f  solution.
D eion ised  form am ide
Form am ide w as stirred w ith BDH 'A m b e r li te ' m o n o b e d  resin 
M B - 3  ti ll it was pH 7.0. T hen form am ide was fil te red  through W hatm an  No. 
1 paper in  a  buchner funnel by a vacuum  pum p to  rem ove the resin .
D eionised form am ide was stored in 5 0 0  |xl aliquots in  m icrofuge 
tubes at -2 0 * C .
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Procedures:
F or a  1.5%  100ml gel, 1.5g agarose w as m elted w ith  75m l H 2O  
and 10m l 10 x M ops bu ffer in  a  m icrow ave oven and w as coo led  to  60*C  
fo llow ed  by  adding  15m l o f  filtered form aldehyde and m ix in g . The gel w as 
poured  as described  fo r alkaline agarose gel onto  a p la s tic  p la te cleaned 
w ith  e th a n o l. B e c a u s e  o f  fo rm a ld eh y d e  fu m e s  ( to x i c ,  p o ss ib ly  
ca rc inogen ic), the gel should be  poured  in  the fum e hood. T h e  gel was run 
subm erged  in  1 x  M ops b u ffe r  (the tank  requ ires 1100 m l o f running  
buffer). R N A  sam ples w ere suspended in  sterile H 2O  to  g iv e  about lOpg o f  
to tal R N A  in  5 p i (A bout 60ng o f  RN A  in a  single band is ju s t  visible after 
E tB r s ta in in g )  a n d  w ere  dena tu red  by  add ing  15p l o f  fresh ly  m ade 
denatu ring  so lu tion  (T o a  500|i.l aliquot o f  deionised fo rm am id e  add 100ml 
o f  10 x  M ops b u ffe r  and 150m l o f  filtered  fo rm a ldehyde) and heated at 
60*C  fo r  5m in. T h e  RN A  sam ples w ere cooled on ice and  th e n  were put at 
R .T . R N A  sam ple w as added to  2 p l o f  loading m ix (50%  glycerol, 0.2%  
b rom opheno l b lue) and w as loaded on the gel im m ediately . B efore  loading 
the sam ples, the w ells  w ere flushed out w ith bu ffer to  rem o v e  form aldehyde 
w hich  a ffec ted  banding. The g el was run  at 100V (about 4 0 m A ) fo r 5 -6 h . 
until the dye w as 2cm  from  the end o f  the gel (5S RN A  ru n s  ju s t  in front o f  
the dye, the gel cou ld  also  be run fo r 2.5 h . to  give tigh ter b an d s). A fter the  
gel w as d ried  under vacuum , the gel w as autoradiographed.
F or N orthern  B lotting , the gel w as not d ried  b u t  soaked in  
250m l o f  10%  g ly c in e  fo r 20  m in  (w ith o u t th is E tB r d o e s  n o t stain the 
R N A ) then  100 p i o f  lO m g /m l E tB r w as added and stained fo r  10 min. T he 
gel w as desta ined  w ith  tw o  changes o f  H 2O  fo r 15 m in. e a c h . A fter taking
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the pho tograph, the  gel w as  soaked in  250m l o f  20  x S SC  (3M  N a C l  and 
0 .3M  N a3C itrate , p H  to  7 .0  w ith H C l/N aO H ) fo r 20m in and w as re a d y  for 
N orthern  Blotting.
3. Plasmid preparation
1). Large scale p lasm id  p reparation  (A lkaline hydrolysis m ethod)
P lasm ids w ere isolated from  E .c o li by a  m o d ifica tio n  o f  the 
alkaline  lysis m ethod  o f  B im boim  and  D oly (1979). T en  m l o f  L B  (lOg 
b ac to - try p to n e , 5g  y east ex trac t, lO g N aC l, pH 7.5  p e r  lite r o f  d is tille d  
w ater) contain ing  the  appropriate  antibiotic in a 25m l universal co n ta in e rs  
w ere inocu lated  w ith  sin g le  bacterial co lonies from  fresh  LB a g a r  p lates. 
C ultures w ere g row n overn igh t in  an orb ital shaker at 200 rpm  a n d  37°C. 
T w o  lite r  fla sks co n ta in in g  1 liter o f  LB plus an tib io tics w ere in o c u la ted  
w ith  the  10m l overn ig h t cu ltures and grow n at 37°C  w ith  sh a k in g  to  an 
A 590 value equa l to  0 .8  un its. P lasm id D N A  w as am plified  by th e  add ition  
o f  either ch lo ram phen ico l to  1 7 5 p g /m l or, in the case o f  ch lo ram p h en ico l-  
res is tan t p lasm ids , w ith  spectinom ycin  to  3 00  p g /m l .  The f la s k s  were 
shaken  at 37°C  fo r  a  fu rth e r 16h. Cells w ere collected  by cen trifu g a tio n  at 
250 0  rpm  and 4 ° C  fo r  30m in  in  an  M SE 6x1000  rotor. T he c e l l s  were 
resuspended  in 3 .2  m l o f  ic e -co ld  G E T  (50m M -G lucose , lO m M -E D T A , 
2 5 m M -T ris-H C l pH 8), transferred to  50m l M SE  O akridge c e n tr ifu g e  tubes
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and  p laced  on ice. C ell lysis w as obtained by  the addition o f  200 p.1 G E T  
contain ing  lysozym e at 4 0 m g /m l and incubation on ice fo r lOmin; 6 .6 m l o f  
0 .2  M  N aO H , 0.1%  (w /v )  S D S  w as added to each  tube and the tubes gen tly  
sw irled. A fter 10 m in  on  ice , S m l 3M  sodium  acetate pH 4.S w as added and 
th e  contents o f  the  tubes g en tly  m ixed. T he tubes w ere left on ice f o r  a 
fu rth e r 30  m in. A fte r th is incubation  the tubes w ere centrifuged at 1 0 ,0 0 0  
rp m  and  4 °C  fo r  15 m in  in  an  M SE 8x5 0  rotor. N ucle ic  ac id  w as  
p rec ip ita ted  by the add ition  o f  8.3 m l isopropano l to the supernatan ts in  
s te rile  5 0  m l tubes. F o llo w in g  m ix ing , th e  tubes w ere  le f t a t ro o m  
tem perature fo r 10 m in . T he precip itates w ere pelleted by cen trifugation  at
10.000 rpm  and 4 °C  fo r  10 m in . T he pellets w ere drained and resuspended  
th o rough ly  in  3 .2m l 2M  am m on ium  acetate  and the sam ples re sp u n  at
10.000 rpm  fo r lO m in as above . A fter centrifugation , 2.1 m l iso p ro p an o l 
w as  added to  each  sam ple in  sterile 50 m l tubes. A fter 10 m in  at ro o m  
tem peratu re the resu lting  p rec ip ita tes  w ere co llected  by cen trifugation  as 
above. T he pellets w ere w ashed  tw ice in  5m l 70%  (v /v )  aqueous e th an o l. 
T h e  plasm id pellets w ere gen tly  dried in vacuo  and resuspended in  2 0  m l 
T E  (lO m M  T ris-H C l pH  8. Im M  EDTA).
P lasm id  D N A  w as fu rther pu rified  by C sC l density  g ra d ie n t 
cen trifugation  (M aniatis e f a l ,  1982). C sC l (23 .76  g) w as gently  d isso lv ed  
in  each  o f  the 20m l p lasm id  so lu tions. E tB r (4m l o f  5m g /m l) w as a d d e d  to  
e a ch  sam ple  and the  re su ltin g  so lu tions load ed  in to  37 m l B e c k m a n  
Q uickseal tubes. T he tubes w ere  topped up  w ith  either liquid parafin  o r  50%  
C sC l in  T E  bu ffe r, ba lan ced  and sealed. T h e  gradients w ere fo rm e d  by
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centrifugation  in  a  B eckm an V T i 5 0  ro to r  run at 45 ,000rpm  and 20#C  for 
18h. T he ro to r w as brought to  rest w ith o u t the aid o f  brake. Plasmid bands 
w ere visualised  under lo ng -range  u .v . and  w ithdrawn from  the decapitated 
tubes in  a  v o lum e o f  u n d er 2m l w ith  18 gauge need le. The E tB r was 
rem oved fro m  the  sam ples by se v e ra l ex tractions w ith  butanol alcohol 
saturated  w ith  T E . The p lasm id  D N A  w as p recip itated  w ith 2 volum es o f 
ethanol and 1 /2 0  volum es o f  pH  4 .5  4 M  NH4AC at -2 0 °C  overnight. The 
plasm id  D N A  solution was cen trifuged  at 10,000 rpm  fo r 30 min. The pellet 
w as w ashed w ith  70%  ethano l and  d esiccated  to dryness and d issolved in 
200p l T E  buffer, l p l  o f plasm id  D N A  w as m easured at O D260 and O D280 
(o r scan from  200  to  300nm ) to  check  the  concentration and the purity. The 
concen tra tion  and  the p u rity  w as fu r th e r  determ ined by running l p l  o f 
plasm id  D N A  on m in i-agarose  gel. T h e  plasm id D N A  w as stored a t 20°C. 
A  typical preparation yielded 5 0 0 -1 0 0 0 p g  DNA.
2). Sm all scale plasm id preparation
S m all scale p la sm id  p repara tions  w ere  perform ed using  a 
m od ified  a lk a lin e  lysis p ro to co l o f  B im b o im  and D o ly  (1979) on  2m l 
o v e rn ig h t cu ltu re s . T he c u ltu re s  w e re  grow n in  LB  con ta in ing  the 
app rop ria te  an tib io tic . T he ce lls  w e re  co llec ted  by  cen trifugation  and 
resuspended in  100ml G E T  (50m M  g lucose , 25 m M  T ris-H C l pH 8, 10 mM  
ED TA  ). R esuspended cells w ere tran sfe rred  to 1.5ml m icrofuge tubes and 
lysed  by the add ition  o f  20 p i  G E T  con ta in ing  lysozym e at 10 m g /m l and 
incubation on  ice fo r  lOmin; 200 p i o f  0 .2M  N aO H , 0 .1%  (w /v ) SDS was 
added to  the tubes and gently  m ixed. F o llow ing  5m in on  ice 100 p i o f  3M
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sodium  acetate pH  4 .8  w as added and the  ly sed  ce lls w ere incubated  on ice 
fo r  10 m in . T hen ce ll debris and  c h ro m o so m a l D NA w as rem oved  by 
ce n trifuga tion  fo r 3m in. The supernatants w e re  poured  in to  new  tubes and 
dep ro te ina ted  by the addition  o f  2 00  p i  T E  satura ted  pheno l and 300 p i 
ch lo ro fo rm /iso -am y l alcohol (24/1 v /v ). T h e  tubes were vortexed and spun 
in a  m icrocentrifuge, fo r  3min. This step  w as repeated  on the aqueous phase 
fo llow ed  by extraction w ith 500 p i  d i-e th y l e th er. RN A  w as rem oved from 
the  sam p le s  by the  add ition  o f  5 p i  b o ile d  R N A ase A  ( lm g /m l) .  The 
p la sm id  D N A  was precip itated  by  the ad d itio n  o f  1 /2 0  volum es o f  pH  4.5 
4M  am m onium  acetate , tw o volum es o f  e th an o l and incubation on d ry -ice  
fo r 15m in . The D N A  w as collected  by  ce n trifuga tion  at 4°C  fo r  lOmin in a 
m icrocen trifuge and  the  pellet w ashed tw ice  in  70%  (v /v )  aqueous ethanol. 
T he w ash ed  pellet w as dried in  vacuo  and  resuspended in  5 0 p l o f  such a 
p repara tion  was sufficient fo r analysis o n  an  agarose  gel.
4. Isolation of DNA following electrophoresis
1). E lu tio n  o f DNA from  agarose gels
This m ethod is a  m od ifica tio n  o f  tha t used by  D retzen  et al. 
(1981 ) an d  was found  to  give very  h ig h  y ie ld s  o f  D N A  that w as essentially 
f ree  f ro m  any inh ib ito rs o f  D N A  re s tr ic tio n  and  m odifica tion  enzym es. 
D N A  fragm ents to  b e  isolated w ere  sub jec ted  to  electrophoresis through lx
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T A E  agarose gels. A  slot w as cu t in  fron t o f  the  desired band and a  p iece o f 
W ha tm an  D E81 paper (p re -so ak ed  overn igh t in  2 .5M  N aC l, 20m M  T ris -  
HC1 pH  7.5, Im M  ED TA , rin sed  5 tim es in  S D W  and  stored at 4C  in  Im M  
E D T A ) inserted  in to  the slot. T he-gel w as re - ru n  un til the DNA b and  had 
b o u n d  to  the  pape r. The pap e r w as rem oved  fro m  the g el and p laced  in  
3 0 0 p l per 50m m 2 N T E  bu ffer (1 .5M  N aC l. 20m M  T ris-H C l pH  7 .5 , Im M  
E D T A ) in  a  1.5 m l m icrofuge tube , vortexed and  incubated  at 37° C  fo r  2h 
fo llo w e d  by  a  fu r th e r  10 m in  a t  5 0 °C . T h e  p ap e r  w as p e lle ted  by 
ce n trifu g a tio n  a t room  tem peratu re fo r  lO m in. T h e  supernatant w as then 
s p u n -f il te re d  th ro u g h  tw o la y ers  o f  W h a tm an  n o . l  p ap e r in to  a  clean  
m icro fuge  tube. T he yield o f  D N A  w as inc reased  by  spinning a  fu rther 50p l 
N T E  bu ffer th rough  the filte r paper. The E tB r w as rem oved from the  sam ple 
b y  ex tra tion  th ree  tim es w ith  an equa l v o lum e o f  w ate r-sa tu ra ted  butanol. 
T h e  D N A  w as concentrated by  the  addition  o f  tw o  volum es o f e thano l and 
in cu b a tio n  o n  d ry - ic e  fo r 15m in. T he p rec ip ita ted  D N A  was pelle ted  by 
cen trifu g a tio n , w ashed tw ice w ith  70%  e th an o l, dried , and  resuspended in  
S D W  to a  concentration  o f  5 0 n g /p l .
2 . E lec tro -e lu tio n  o f  DNA from  agarose gel
Irt cases w here D N A  fragm ents w ere  to  be eluted rap id ly  the 
frag m en t w as  located  as d escribed  above an d  the  exc ised  gel s lic e  was 
p la c e d  in  4 0 0  p i  lx T B E  bu ffe r. T h e  b u ffe r  an d  gel slice w ere p laced  in 
E D T A -trea ted  dialysis tubing. T he slice w as p laced  against one ed g e  o f  the 
tu b in g  w hich  w as sealed at bo th  ends w ith  d ia ly s is  tubing  clips. T h is  tubing
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w as sub jec ted  to  elec tropho resis  in  lx T B E  b u ffe r fo r  30m in  a t  150v in  a 
m in i-g e l tank , the  p o la rity  w as reversed  fo r  10s and the  D N A  solution 
rem oved to  a  1.5m l m icro fuge tube and w as extracted  w ith an  equa l volum e 
o f  p h e n o l, th e n  h a l f -v o lu m e  o f  p h e n o l an d  a  h a l f  v o lu m e  o f 
c h lo ro fo rm /iso -a m y l a lco h o l ( 2 4 /1 ,  v /v ) ,  re-extractfed  w ith  an  equal 
vo lum e o f  pheno l. T h e  D N A  w as p rec ip ita ted  by  the ad d itio n  o f  1 /1 0  
volum e 4M  N H 4A C , pH  4 .5  and tw o  volum es ethanol at -2 0 ° C  overnight. 
The precip itated  D N A  w as pelle ted  by cen trifugation , w ashed  tw ice with 
70%  (v /v )  aqueous ethanol, dried , and resuspended in  10 p i  d d H 2 0 .
5. Extraction, purification , and analysis o f polyA+ RNA from 
root nodules of Phascolus vulgaris L. 1
1) Isolation o f  to tal ce llu lar R N A  and selection o f  polyA +  R N A
A ll procedures w ere  carried o u t over three days.
O n the firs t day , 39g root nodules stored  in  liqu id  n itrogen  were 
ground in  a  co ffee  g rinde r fo r  1 -2  m in ., then  w ere  tran sfe rred  to  a  m ortar 
and ground w ith  70 m l o f  R N A  extraction bu ffe r fo r  1 -5  m in  in  co ld  room.
RN A  Extraction B uffer
200 m l 200  m M  T rizm a-C l b u ffe r pH  7.5 contain ing:
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400  m M  N aC l 
60 m M  M gC l2 
50 m M  N a2-E D T A
w as autoclaved and then the  follow ing w as added:
Sm M  D T T
250m M  Sucrose ( R N A ase free)
1% SD S
The m ix tu re  w as passed  through 2 layers o f  sterilized  m uslin 
and th e n  centrifuged a t 15,000 x g fo r  20m in in  co ld  room . S upernatants 
w ere  ex trac te d  u s in g  p h en o l and  C H C I3 tw ic e . T he u p p er la y e r  was 
p rec ip ita ted  with e thano l a t -8 0 °C  fo r  2hrs. A fter centrifugation  a t 25 ,000 
rpm  fo r  30 min, the pe lle t was w ashed  with 20m l o f  75% ethanol and  then 
c e n tr ifu g e d  at 2 ,5 0 0  rp m  fo r  15m in . T he p e l le t w as d e s ic ca te d  and 
resuspended  in  500 p.1 o f  sterile d d H 2 0  (double d istilled  w ate r) f ir s t  and 
then  m a d e  up  to  6  m l w ith  d d H 2 0 . 150 m g /m l N aC l w as added  to  the 
so lu tion , dissolved and  le f t  at 4°C  overnight to  p recip itate RN A .
Oh the seco n d  day, the  suspension  con ta in ing  R N A  w as 
ce n trifuged  at 10,000 rp m  fo r 30 m in  at 0*C. T he pellet w as d ispersed  with 
3m l o f  2 .5M  N aCl on  ic e  and centrifuged at lO.OOOrpm fo r 30m in at 0°C .T he 
pellet w as  treated exactly  the sam e w ay  w ith 2.5 M  N aC l fo r ano ther 3 times 
un til th e  pellet w as w h ite . The pe lle t w as then w ashed w ith  75%  ethanol
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o n ce , d e s ic c a te d  an d  then d isso lv ed  in  400p.l o f  d d H 2 0 . L astly  8m l 
o lig o d T -b in d in g  bu ffe r (400m l lO m M  T rizm a-C l pH  8.5 bu ffer containing 
Im M  E D T A , 0 .1 %  SD S, o .4 M  N aC l) w as added  to  th e  so lu tion . T he 
so lu tion  w as h ea ted  at 65 *C fo r  5  m in and then  passed th rough o ligo  d T -  
ce llu lo se  co lu m n  to  isolate p o ly A +  RN A . T he o ligo  dT -ce llu lo se  co lum n  
k ep t in 0 .1N  N aO H  all the tim e w as w ashed w ith  50m l o f  0 .1N  N aO H. T hen 
the  co lum n w as equilibra ted  w ith  50 m l o f  o ligo  d T  bind ing  buffer. R N A  
ex trac t w as load ed  onto  the co lum n , pum p w as set a t 1.5m l m in - * fo llow ed  
b y  w ashing  the  colum n w ith 3 0 m l b inding b u ffe r until OD26Q“ 0- p o lyA + 
R N A  w as e lu ted  w ith  oligo dT  e lu tion  bu ffe r w h ich  is the  sam e as b inding  
b u ffe r excep t w ithou t N aCl. T h e  colum n w as w ashed w ith  0.1 N aO H  w hen 
a ll o f  R N A  w as eluted. T he e lu ted  polyA +  R N A  w as added 1 /2 0  volum es 
o f  4M  NH4AC (pH  4.5) and  w as  concentrated  by  adding  2 .5  volum es o f 
e thano l at -2 0 ° C  overnight.
O n  th e  third day, the  po ly+A  R N A  suspension  w as cen trifuged  
a t 10,000 rpm  fo r  30 m in. a t 4 * C . T he p elle t w as w ashed  in  10m l 75%  
ethano l and cen trifuged  at 10,000 rpm  fo r 30m in at 0*C. T hen the pellet w as 
desiccated  and  redissolved in 4 0 0 p l d d ^ O  in  a  m icrofuge tube fo llow ed by 
add ing  1 /2 0  vo lum es o f 4M  N H4AC (pH 4 .5 ) and  2.5 volum es o f  ethanol. 
T h e  m ix tu re  w as m ixed gen tly  and  kept at -8 0 * C  fo r 2h  to  precip itate  
th e  p u r if ie d  p o ly A + R N A  o u t. The p o ly A +  R N A  su sp e n sio n  w as 
ce n trifuged  in  co ld  room fo r  10 m in  and the  pe lle t w as w ashed w ith  1ml 
75%  ethanol an d  centrifuged repeatedly  three tim es. L astly  the pe lle t w as 
desiccated  an d  redisso lved  in  lOOpl d d ^ O .  T he purity  w as estim ated  by
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m easu ring  O D 260 a n d  OD28O o f lp l  o f  polyA +  R N A  in  1ml o f  dd H 2 0 . 
P ure R N A  has an O D 26O /O D 28O  ra tio  o f  abou t 2 . A n  OD26O o f  1.0 is 
equ ivalen t to  4 0 m g /m l R N A . The yield o f  polyA +  R N A  from  root nodules 
w as about 2 p g /g  fresh  w eight.
2). Poly+A  RNA size-fractionation
T he p rocedures follow ed the m ethod described  by  C ullim ore and 
M iflin  (1983). L inear, 5 -2 0 %  sucrose gradients (m ade in  95%  D M SF and 
4%  fo rm am ide) w as p repared  in 5 m l p o lya llom er tubes w ith  gradient 
m aker. Before loading  the sam ple, one o f  the gradients w as checked w ith a 
refrac tom e ter. P o lyA +  R N A  (3 9 p g /5 1 |i.l) , p repared  as above bu t passed 
tw ice  through the o lig o  d T -cellu lo se  co lum n, w as bo iled  fo r  1 m in. then 
coo led  rapid ly  and m ix ed  w ith the sam e volum e load ing  b u ffe r (10 m M  
Tris-Cl pH  7.4 au toclaved  buffer containing 10 m M  L iC l, Im M  ED TA  10% 
D M SO ). T he m ixture w as layered onto  th e  top o f  the gradient and w as then 
cen trifuged  fo r 37 h . in  a  SW  50.1 ro to r  at 40 ,000  rpm  at 28 C . M arker 
R N A s rR N A  and tR N A  m ixture w as a lso  run on ano ther sucrose gradient 
u n d er the same cond ition . A fter centrifugation the g rad ien t w as fractionated 
in to  0.2 nil aliquots in  m icrofuge tubes w ith  an autom atic fraction  collector 
and th e  abso rbance  f o r  each  frac tio n  a t  260nm  w as  m o n ito red  w ith  a 
spectrophotom eter. B y  com paring w ith  the  absorbances o f  fractions from  
the  m arker, fractions 5 to  16 from m R N A  sam ple g rad ien t containing RNA 
w ere p recip itated  sep ara te ly  with e thano l exactly  the  sam e as above. The
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pelle t w as desiccated  and then d isso lved  in 10pl o f  d d ^ O .
3). A nalysis o f  polyA ^R N A  by c e ll free translation
The in  vitro  assay fo r m R N A  fractions w as perform ed in the rabbit 
reticu locy te lysate  system  accord ing  to  the K it M anual from  N ew  England 
N uclear.
T ranslation  m ixture was as fo llow s: (Supplied in  K it)
vol.Q il) fina l cone.
M g(Ac>2 2 ( d ilu ted  8 fold ) Im M
35S -M e t 1 Im M  (0.8 |
K Ac 1 Im M
C ocktail 2  .75
Rabbit reticulocyte 
lysate 5
m R N A 1
N.B. C ocktail contains sperm idine, creatine phosphate , D T T  and G T P  in 
H EPES buffer. C oncentrations o f  the com ponents in  the cock tail are the 
proprie tary  inform ation  o f  N EN .
A ll o f  above constituents w ere m ixed first except rabbit reticulocyte 
lysate  and m R N A . T hen  translation  experim ents w ere carried out by  adding 
lp.1 aliquo t o f  each  gradient frac tion  o r lp l  o f  to ta l m RN A  respectively  and 
5p.l o f  rabbit reticulocyte lysate and  incubating at 37°C  fo r lh .
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l|x l o f  in  vitro  translation  p ro d u c ts  from  each reaction  w as put 
o n  the 1cm squares o f W hatm an  N o 1 f ilte r . A fter about 2 - 3  m in. the filters 
w ere  boiled  in  10% T C A  fo r  10 min. an d  th e n  were w ashed  w ith cold 10% 
T C A  three tim es, 75%  ethano l tw ice and e th e r  last. A fter drying com pletely, 
the  filters w ere transferred  in to  the sc in tilla tion  counting v ia l and filled  with 
5 m l n o n -aq u eo u s  sc in tilla tion  so lu tion . A fte r  shaking, the  counting  w as 
perform ed on L K B  Scintillation Counter.
6. Synthesis of cDNA:
T he first and  the double stran d  cD N A  w ere  synthesized  as 
desc rib ed  by  G ub le r and  H offm an  (1 9 8 3 )  excep t fo r  th e  second strand 
cD N A  synthesis w ithout E .c o li DNA ligase .
1). Synthesis o f  the first cD N A  strand
m R N A  frac tio n  19 co rresp o n d in g  to  200 ,000  D alton pro te in  
(fro m  C u llim ore  and M iflin  1983) w as  u sed  to  syn thesize  cD N A . T he 
reac tio n  w as ca rried  o u t in  30 p l o f  re a c tio n  m ixture system  con tain ing  
50m M  Tris.H C l pH 8.3, lO m M  M gCl2, lO m M  DTT, 4m M  N a pyrophosphate.
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1.25mM  dCTP, 1.25mM  dA TP, 1.25m M  TTP, O .Sm M  dGTP, 15pC i o f  [ a -  
32p] dG T P , 1 5 0 p g /m l o f  o lig o (d T j2 -1 8 )»  3 0 0 p .g /m l m R N A , 3000U . 
reverse tran sc rip tase /m l at 43°C  fo r  30m in. cD N A  synthesis w as initia ted 
by the addition o f  reverse transcrip tase and the reac tio n  was stopped by 
adding  ED T A  to  20m M . l p l  o f  reac tion  m ix tu re  w as coun ted  w ith  
Scintillation C ounter to  calculate the to ta l count. T o  the reaction m ixture, 
15pl o f  phenol and CHCI3 was added; the solution w as blended v igorously 
in a V ortex  m ixer and then centrifuged and again 30p.l o f  CHCI3 w as added 
to the aqueous phase, vortexed and centrifuged. T h e  aqueous phase about 
20p.l w as  passed  th ro u g h  1m l S ephadex  G - 5 0  co lum n  to  separa te  
syn thesized  cD N A  from  unreacted  d eo x y n u c leo tid e  triphosphates. T he 
synthesized cD N A  solution (300jil) w as collected fro m  the Sephadex G -5 0  
co lum n  and 3 0 p l  w ere co u n ted  to  ca lcu la te  th e  percen tage o f  the 
incorporation  and the am ount o f  syn thesized  f i r s t  strand cD N A . Then 
ethanol and NH4AC w ere added to  the solution as befo re  and left a t -2 0 * C  
overnight to  precipitate cD N A. A fter cen trifugation , the pellet w as w ashed 
with 75%  ethanol first and then desiccated. cD N A  w as dissolved in  lOji.1 o f 
pH  8 .0  T E  buffer (lO m M  T ris-H C l, Im M  EDTA).
2). Synthesis o f the second strand cD N A
The second strand cD N A  w as ca rried  o u t sequentially lh . at 
12*C and  lh . a t 22*C  in lOOp.1 system  contain ing  50m M  Tris-HCl pH  8.3 
buffer, 0 .4m M  o f  dN TPs, 30nC i o f  ( a - 32Pl dO T P . l j l l  o f B.coli RN A seH  
( 3 0 U ./p l ) ,  5 .6 p l o f  D N A  po lym erase  (2 8 0 U ./m l) , and about 35ng  o f
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syn thesized  first strand cD N A . ED TA  was then  added to  20m M  to stop the 
reac tio n . The p roduct w as ex trac ted  w ith p h en o l and C H C I3 m ixture and 
th e n  CHCI3 and at last the aqueous phase w as precip itated  w ith  ethanol and 
N H 4A C  same as described above. The pellet w as  d isso lved  in  lO pl o f pH 
8 .0  T E  buffer, l p l  o f  the syn thesized  cD N A  w as counted  to  calculate the 
e f f ic ie n c y  o f th e  syn thesis . T h e  size  o f  th e  f irs t an d  second  cD N A  
syn thesized  was checked by alkaline agarose gel e lectrophoresis.
7. Preparation o f cDNA library
1). C -ta ile d  d s-cD N A  (O kayam a 1982 )
A . T ria l tailing reaction from  pU C 8 cut by S m a  I :
The num ber o f  ta ils  to  be tailed depends on the reaction  time. If  
10 C - ta ils  were required  fo r 0.1 pm ol o f  Sm a  I c u t pU C8 p e r  3 ' end, 50pM 
d C T P  w as used in  the reac tion , 2%  dC TP w o u ld  be ta iled  on to  pU C8. A 
p lo t w as then m ade by the percentage o f incorporation  aga inst the reaction 
tim e . According to  the percentage o f  incorporation  expected , reaction time 
co u ld  be  chosen from  the plot.
O .lpm ol o f  Sm a I  c u t pU C 8 w as incubated  w ith lO p l o f  1M K - 
C acody la te  buffer pH  7.0, 5 ill o f  10 m M  o f  P -m ercap toethano l, 5 p i o f 100 
p M  dN T P s, l p l  o f  10 p C i [ a —^ ^ P ]-d N T P , 2  p i  o f  te rm in a l transferase
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( 1 3 u . /p l ) .  5 p l  o f  20 m M  M nC l2 at 30*C . A t 5 , 10, 15, 20 . 30 , 40 , 50, 
60m in , sam p les  w ere taken and T C A  p recip ita ted  co u n ts  w ere  counted; 
A ccording  to  2%  incorporation  o f  dC T P  fo r  10 C  tails, C - ta ilin g  reaction 
w as ca rried  o u t fo r  9 min.
2 ) . C -ta ilin g  fo r  ds-cD N A
T h e  reaction  w as carried out the sam e as described  above fo r 9 
m in excep t p U C 8  was replaced  by d s-cD N A . 1 p i o f  10%  SD S and 1 p i o f 
0-4M  E D T A  w ere  added  to  stop  th e  reac tion . T hen  the  m ix tu re  was 
e x tra c te d  w ith  p h e n o l a n d  C H C I3  a n d  the  a q u e o u s  p h ase  w as 
ch rom atographed  on Sephadex G -5 0  to  separate the C -ta ile d  dscD N A  from 
unreacted deoxynucleotide triphosphates. T he collected frac tion  w as counted 
and p rec ip ita ted  w ith  e thano l and NH4AC sam e as above at -20*C
overn igh t. A f te r  cen trifugation  the pe lle t w as d isso lved  in  2 0 p l o f  TEN  
bu ffer (lO m M  T ris  H C l pH  7 .5 , Im M  E D T A , 150mM  N aC l).
3 ) . A nnealing  C -ta ile d  d s-cD N A  w ith G -ta ile d  pU C9 (10 G -ta iled )
l p l  o f  C - ta ile d  d s -c D N A  ( ln g )  w ith  l p l  o f  G - ta i le d  pU C9 
(lO ng) s u p p lie d  b y  B R L  and 17 p i  o f  T E N  bu ffe r in  2 0  p i  system  was 
incubated  a t 6 5 *C  fo r 5m in firs t, then a t 4 5 *C fo r 2h. F inally  the reaction 
w as le ft in  w a te r  bath  w hich  w as sw itched o ff  overnight and  the  m ixture 
w as stored a t 4 * C  fo r  next step.
A t th e  sam e tim e se lf-annea ling  o f  G -ta iled  pU C 9 w as set up
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under the  sam e conditions as described above.
8. Transformation o f  E .c o li  with plasmid DNA
The fo llow ing  method w as ob ta ined  from  D ouglas (1983). An 
overn igh t cu lture o f  th e  appropriate E .coli strain  ( in  our experim en t JM83 
w as used) w as estab lished  in  10ml S O  m edium  (B acto tryptone 2% , yeast 
ex trac t 0 .5% , lO m M  N aC l, 2.5m M  KC1 pH  7 .5 ) This overn igh t culture 
(0 .4m l) w as used to  inocu la te  a fu rther 40m l S O B  m edium  (40m l o f  SO 
m ed ium  contain ing  0 .4 m l o f  1M M gC l2 and 1M M g S 0 4 ) ^  th is  culture 
g row n  at 37°C  w ith shak ing  for 3 - 3 J/2  h. until th e  optical density  reached 
A 5 5 0  —0.45  — 0.55 . T h e  culture w as poured  in to  tw o 50m l p re -co o led  
O akridge  tubes and coo led  on ice fo r 15min. T hen  the cells w ere harvested 
at 4 ° C  and 5,000 rpm  fo r  12min in  an M SE 8x 5 0  rotor. T he ce lls  were 
gently  resuspended in 13m l o f  ic e -co ld  TFB (10m M  K -M E S  pH 6.2, 100mM 
KC1, 4 5 m M  M n C l2 .4 H 2 0 , lOmM  C a C l2 .2 H 2 0 , 3m M  H A C 0C I3) and 
incubated  on  ice fo r 15m in. The ce lls w ere harvested  as above and  gently 
resuspended in_3ml o f  ic e -co ld  TFB .Then 112pl o f  ic e -co ld  D M F w as added 
in to  th e  ce lls and sw irled  gently and incubated  on  ice fo r 5 m in . 112 p i of 
D T T  (2 .25M  D T T  in  4 0  m M  KAc) w as added to  the ce ll so lu tion  in the 
sam e w ay  and was incubated  on ice fo r  lOmin fo llow ed by adding 112pl of 
ic e -c o ld  D M F  in to  the  ce ll solution in  the sam e w ay and incubated  on ice
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fo r 5 m in. T he ce lls w ere  now  ready  fo r  transform ation: 200  p i  a liquots o f  
the ce lls w ere d ispensed  in to  F a lco n  tubes. T he D N A  annealed  to  pU C 9 
vector lp l  (lOOng) o r  pU C 8 5 p l (2 0 n g /p l)  as con tro l was added to  separate 
Falcon tubes con tain ing  cells and these were left on ice fo r 30min. The cells 
w ere then  h e a t-s h o c k e d  at 4 2 °C  fo r 90sec and  then  incubated  on ice 
im m ediately  fo r l - 2 m in .  800p l o f  S O C  solution (SOB contain ing  8m l o f  
2M  glucose) w as ad d e d  to the ce lls  a t room tem perature and incubated at 
37°C  fo r 60m in w ith  shaking  at 200rpm . 200pl aliquots o f  the above ce ll 
solution w as p laced  L B  con tain ing  am picillin  (lO O pg /m l) p la te w ith 40p l 
(2 0 m g /m l) o f  B C IG  (X -G a l)  and 4 0 p l o f  IPTG. T he plates w ere incubated 
at 3 7 *C overnight. W h ite  p o ten tia lly  recom binant co lon ies w ere selected. 
C om petent ce lls p rep a re d  in  th is w ay  gave a transfo rm ation  efficiency  o f  
about 1x10*7 colonies per p g  o f  D N A .
9. Storage of cDNA library:
2000 la rg e  w hite co lon ies  w ere picked indiv idually  in to  m ic ro - 
tite r p la te w ells co n ta in in g  200 p i  o f  L B (100pg /m l am picillin), g row n at 
37*C  overnight. lOOpl o f  50% glycerol w ere added to  each w ell and m ixed 
w ith sterilized m ixer. T he m ic ro - ti te r  plates w ere num bered  and stored  at -  
80#C.
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10. Screening of cDNA library
T he cD N A  lib ra ry  w as sc reened  b y  probe e ith e r from  nick 
translation  o f  3.6 K b N A D  P H -G O G  A T gene fragm ent o r from  labelled SP6 
transcrip ts  o f  N A D P H -G O G A T  gene:
1). Subclon ing  o f  E .coli N A D P H -G O G A T  g en e  fragm ent in to  pA CY C184 
and  pG EM 3
T he reco m b in an t p lasm id  p G O G 2  (kindly supp lied  by  Dr. 
L ig h tfo o t)  c o n ta in in g  th e  G O G A T  g e n e  fro m  20 K b  o f  the E .c o li  
ch ro m o so m e  w as d ig ested  w ith  Hin d I II . T h e  3.6 K b  G O G A T  gene 
frag m en t located  a t the 3 ' en d  o f  the gene w as iso lated  by  elu tion  from  an 
ag a ro se  gel as described  in  sec tion  3.1.4. 3 .6 K b  o f  G O G A T  gene fragm ent 
w as  th e n  lig a ted  w ith  H ind  III c u t v e c to r  p A C Y C 184  and pG E M 3 
respectively , then the  tw o  recom binan t vec to rs  w ere  separately transform ed 
in to  E.coli HB101.
A . D igestion  o f  vectors
3pg  (2^1) pA C Y C 184  and 2pg  (S.2*tl) o f  pG EM 3 w ere digested 
sep ara te ly  w ith 1 5 U ./1 .5 |il Hind III; at 3 7 #C  fo r  2h. 2 p l (c.200ng) o f  each 
d ig estio n  sam ple w as run on  m in i-ag a ro se  g e l to  check th e  digestion  was 
co m p le te  o r  not ( i f  com plete , on ly  one b an d  appeared  on  the gel, w ithout 
und igested  and supercoiled D N A  bands).
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B. D ephosphory lation  o f  vector D N A  w ith  c a lf  in testina l phosphatase (CIP)
W hen  th e  digestion w as com ple te , the  res tric ted  plasm id DNA 
w as d ep h o sp h o ry la ted  w ith  c a lf  in te s tin a l p h o sp h a ta se . R em oval o f 
te rm ina l 5 '-p h o sp h a te  g roups w as ac h ie v e d  b y  ad d in g  2 p l o f lO x CIP 
b u ffe r (500 m M  T r is -H C l pH  9, 10 m M  sperm idine, lO m M  M gCl2, Im M  
Z n C l2 ) to  the d ig e stio n  m ixture along w ith  l p l  (25u .) o f  C IP at 37°C  for 
lh .
C . L igation o f  vec to r and 3.6Kb N A D P H -G O G A T  gene fragm ent
L igation  reactions w ere ca rried  out in  lO pl volum es containing 
l p l  (20ng) o f  phosphatased  pA C Y C 184  o r  pG EM 3 v ec to r and 2pl (lOOng) 
o f  the 3 .6K b fragm en t. T4 D N A  ligase l p l  (5u.) w as u sed  per ligation, lp l  
o f  lO m M  A TP, 0 .5 p l o f  lOmM  H exam ine coba ldc  ch lo ride (HCC), and  lp l  
o f  fresh  10 X  lig a tio n  bu ffer (0.5M  T r is -H C l pH  7 .5 . 0 .1M  M gCl2, 0.05M  
D T T ) an d  4 .S p l d d H jO  w ere  ad d e d  and  m ix ed . T h e  reactions w ere 
incubated  at 15*C  overnight.
D. T ransfom ation  o f  E .co li HB101 by  liga ted  p la sm id  D N A  and N A D P H - 
G O G A T  gene
2 p l o f  the  ligation  m ix tu re  w as u sed  p e r  transform ation  into
E . c o l i  H B 101. T h e  colonies con ta in ing  3 .6K b frag m en t from  pA CY C184 
tran sfo rm ation  w e re  iden tified  by d o u b le  d igestion  o f  m in i-p rep  plasm id
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D N A  w ith HindTII and B& l n  . T he co lon ies con ta in ing  3.6Kb fragm ent 
from  pG EM 3 w ere iden tified  by  colony hybrid ization .
2). P reparation o f  probes
A . Nick translation  probe:
3 .6K b  fragm ent o f  N A D P H -G O G A T  gene w as iso la ted  from  
H in d in  cu t recom binan t pA C Y C 184  vec to r b y  agarose gel as  described 
p rev iously . T h e  fragm en t w a s  then  labelled  b y  n ick  tran sla tio n  using a 
m od ifica tion  o f  the  m ethod  o f  R igby er a/. (1977 ). 4 p l  (1 5 0 -2 0 0 n g )  o f 
3.6K b fragm ent w as incubated  in  a final vo lum e o f  20 p i reac tion  containing 
2  p i o f dN T P s (5m M  o f  ea ch ) , except dG T P , 2 p l o f  10 x n ick  translation 
b u ffe r (0.5M  T ris -H C l pH  7 .8 , SOmM M gC l2. lOOmM D TT), 5 p i o f 32P - 
dG T P  (50pC i, 2m M ), l p l  o f  freshly  p repared  D N ase  I (d ilu ted  to  2 5 x l0 3 
fo ld ) l.S p l D N A  po lym erase l, 4.5 p i ddH 2 0 ,  a t 15*C fo r 3h. Rem oval o f 
th e  u n inoco rpo ra ted  n u c leo tid e s  w as ach ieved  by  runn ing  th e  reaction 
m ixture on a  1ml Sephadex G 5 0  colum n. T he e lu tion  fractions w ere  checked 
b y  a  m onitor , th e  fractions from  the first rad ioactiv ity  peak w ere  collected 
a s  the labelled probe.
B . SP6 transcrip tion  probe
A ). Identification  o f  co lon ies contain ing  inserted  D N A  
D enatu ra tion  o f  the colonies
200  colonies fro m  transform ation  b y  pG EM 3 w ere picked and
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tra n s fe r re d  onto d up lica ted  LB  p la te s  (contain ing  am p ic illin ). T he p la tes 
w e re  k ep t overnight a t 37* C  in  the  incubator. P lates w ere  then cooled  on  ice 
a n d  nitrocellulose f i l te r  circle w as p la ced  on the su rface  and pressed  gently  
b y  h a n d  with glove. T h e  filter w as le f t  onto the p la te  fo r  5m in (NB: M ake at 
le a s t  2  reference m ark s  on re fe rence  plates and n itrocellu lo se  circ les). T he 
f i l te r  w ith  colonies w as d ena tu red  a s  fo llow ing s tep s: 2  X  3M M  papers 
w e re  soaked  in  sandw ich  box  lid s (so  tha t f ilte r  is  w e t b u t so lu tio n  not 
ru n n in g )  with 0 .5M  pH  7.5 T r is -H C l bu ffer con ta in in g  1.5M  N aC l. The 
n itro ce llu lo se  filte r w ere  tran sfe rred  w ith  fo rceps from  the fo llow ing  one 
so lu tio n  to  the o ther a t tim es ind ica ted . A ir bubbles be tw een  n itrocellu lose
and  3  M M  paper shou ld  be avoided.
1. 10% S D S  3 m in .
2. 0.5M  N aO H  5 m in.
3. 1M T r is -C l pH  7.5 5 m in.
4. 0.5M  T r is -C l pH  7 .5 . 1 .5M  N aCl 5 m in.
A fter co lon ies  w ere den a tu red , n itrocellu lose f il te r  w as p u t o n  a 
p ie c e  o f  clean 3M M  paper. T h e  f i l te r  w as covered  w ith  ano ther p ie ce  o f 
3 M M  paper. The so lu tion  on the  f i l te r  w as absorbed by  ro lling  a  ro lling  pin 
o n  th e  to p  of 3M M  paper. T hen  3 M M  paper w as rem oved  carefu lly  an d  the 
f i l te r  w as  dried at ro o m  tem perature fo r  30 m in. L astly , the  filte r w as baked 
a t 8 0 * C  fo r 2h. under vacuum .
P r^hybrid ization
N itrocellu lose f ite r  w as  p u t in to  a  p o ly th en e  bag  f illed  w ith
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prehybrid ization  solution (hybrid ization  b u ffe r  w ithout ssD N A  and  labelled 
probe) A ll a ir  bubbles w ere rem oved and the  filte r  was incubated  in  a  65 *C 
w aterbath  w ith  shaking  fo r lh .
H ybrid ization
H ybrid iza tion  w as ca rried  out as desc rib ed  in  Pall B iodyne M anual. 
H ybrid ization  solution:
S tock 5m l 10m l 20m l
5 X  D en h a rd t's1 100X 0.25 0.5 1.0
5 X  S S P E 2 20X 1.25 2.5 5.0
0 .2%  SD S 10% 0.1 0 .2 0 .4
2 0 p g /m l po lyA .U  o r C 2 0 m g /m l Sill 10pl 20|xl
lO O pg/m l salm on 
sperm  D N A lO m g /m l 5 0 n l 100pl 200|J.l
SDW 3.3 6.7 13.4
N B. 1. lOOx D enhardt's solution is  2%  ( w /v )  polyvinyl p y rro lidone-40 , 2% 
(w /v )  fico ll 400  and 2%  (w /v )  bovine serum  album in
2. 2 0  x SSPE : 3.6M  N aC l, 0 .2M  Na2HPC>4, 20m M  E D T A  pH  to  7.7 
w ith HC1
A ll ingredients w ere m ixed excep t ssD N A  and heated  to  65 *C.
Salm on  sperm  D N A  w ith  - ^ P - p r o b e  w as boiled  fo r lO m in to  be 
denatured then  w as added to  the  m ixture o f  ingredients.
P rehybrid ization  solution w as rem o v ed  from  the poly thene bag and 
the hyb rid iza tion  so lu tion  w as put in . A fte r  a ll air bubbles w ere  rem oved, 
the bag  w as sea led  and  w as sealed  in to  an o th e r  bag. H ybrid iza tion  was
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carried o u t carried out in  a  65 °C w aterbath w ith shak ing  overnight.
T he filte r was w ashed with 6X  S SC  con ta in ing  0 .1%  SDS at 50°C  
fo r 0 .5h  fo r 3 tim es.T he filte r was b ak e d  at 80 °  C  un d er vacuum  and 
positive clones w ere iden tified  according to  the resu lt o f  a  X -film  exposed 
onto  the filter.
Checking the o rie n ta tio n  o f  inserted D N A
T he orientation w hich  3.6K b fragm ent com b ined  w ith pG EM 3 was 
checked by running  the digestion  o f  the recom binan t p lasm id  w ith P s t I on 
a m in i-a g a ro se  gel (P st I w as chosen  acco rd ing  to  th e  res tric tion  m ap 
available from  L ightfoot, on ly  one cut on the frag m en t by  Ps 11 and in  the 
m ulticloning site on pG EM 3).
SP6 transcription
SP6 transcrip tion  w as carried out follow ing th e  m ethod described  
by M elton e t a/.(1984). T h e  pG EM 3 plasm id  con ta in ing  3.6K b fragm ent in 
an  o r ie n ta tio n  th a t g av e  th e  fu ll leng th  R N A  tra n sc rip ts  w as u sed  fo r 
p roducing  SP6 tran scrip tion  probe. 5pg(20p.l) p G E M 3 contain ing  insert 
w as digested w ith 25U  S m a I at 37°C  fo r  2h. l p l  o f  th e  digestion w as run 
on an agarose gel to  check  the digestion w as com plete  o r not. If com plete, 
the reac tion  w as pheno l and CHCI3 ex tracted  to  rem ove  the rem ain ing  
enzym e and p ro te ins. A fte r  being p recip itated  w ith  ethanol and w ashed 
w ith  75%  e thano l, the  pe lle t w as d esiccated  and  d isso lved  in  lO p l o f 
sterilized  d d H 2 0 . S P6 transcrip tion  w as carried  o u t in  a  total volum e o f 
2 0p l containing 2 \ll ( lp g )  o f  digested p lasm id , l p l  o f  200m M  D TT, l p l  of
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R N asin  (p lacental ribonuc lease  in h ib ito r 15U ./|X l), lp l  o f  B S A  (2 m g /m l), 
2 |i l  o f  5m M  rA TP. iC T P . iG T P , l | l l  o f  20m M  rU T P . 2 | l l  o f  3 2 P -U T P  
(4 0 p C i) , 2 p l  o f  10 X  tra n sc rip tio n  b u ffe r  (400m M  T r i s -H C l pH 7.5 
containing 60m M  M gC l2. 20m M  sperm idine), 6 .5 p l sterilized  w ate r and the 
S P6 transcrip tion  w as in itia ted  by  add ing  O.Spl S P6 p o lym erase  at 37*C 
and the reaction w as ca rried  o u t fo r  10 m in  and w as stopped b y  adding  lp l  
o f  0 .4M  ED TA . T hen 29  p i o f  T E  b u ffe r  (lO m M  T r is -H C l pH  7 .5 , Im M  
ED TA ) w as added to m ake the  vo lum e o f  50 p i. T h e  m ix tu re  w as extracted 
w ith  phenol and CH CI3. T h e  aqueous phase w as chrom atographed  by  a  1ml 
Sephadex G 50  co lum n to  separate  the  labelled  tran sc rip tion  p ro d u c t from 
unincorporated  rN TPs. T h e  frac tions  from  the firs t rad ioactiv ity  peak  were 
collected and  transcrip tion  p roduct w as  p recip itated , w ashed , desiccated  as 
befo re. The desiccated  tran sc rip tio n  p roduct w as d isso lved  in  2 0 p l o f  TE 
b u ffe r  and  w as co u n ted  on  S c in tilla tio n  C oun te r. 2 p l  o f  transcrip tion  
p ro d u c t (5x105  cpm ) an d  lab e lled  X, m arker (5x10^ cp m ) w ere  run on 
form am ide gel as described  p rev iously  to  check  the  resu lt o f  transcrip tion  
and estim ate the m olecu lar w eigh t o f  the product.
T4 K inase 32P labelling o f  X m arker
XDNA ( Hind III cu t)  w as p hosphata sed  as desc rib ed  in  section 
3 .1 .10 . T he pellet (3 p g ) from  phosphatased  reac tion  w as desicca ted  and 
d isso lved  in  25 p i  T E  b u ffe r. T h e  labelling  reac tion  w as ca rried  o u t in a 
to ta l volum e o f  3 0 p l con ta in ing  lO p l ( lp g )  o f  phosphatased  D N A , 3 p l o f 
10 x  kinase buffer (0 .5M  T ris -H C l p H  7 .6 , 0 .1M  M gC l2. Im M  sperm idine
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HC1, Im M  E D T A , 2m M  D T T  a d d e d  befo re  u se), lji.1 (lO un its) o f  T 4  
polynucleo tide K inase, 4 p l (lO p C i) o f  [ 7 - 2p]ATP and lOp.1 o f  d d H 2 Q T h e  
m ixture w as incubated at 3 7*C  fo r 3 0  m in , then 2 .5 p l o f  E D T A  w as added  
to  stop  the reaction . The reac tion  m ix tu re  w as ex trac ted  w ith  p heno l and 
C H C I3. T he supernatant w as  ch rom otog raphed  by  a 1m l S ephadex  G 5 0  
co lum n  to  separate  the lab e lled  D N A  from  u n reac ted  Jy-^p jA 'T P . A fte r  
counting cpm , the labelled D N A  w as concentrated  by e thanol precipitation.
3). S creen ing  o f  the cD N A  library
T he cD N A  lib ra ry  w as sc reened  on n itro ce llu lo se  filte rs  and  
B iodyne filters w ith  tw o k inds  o f  p ro b e  respectively. T h e  procedures w ere 
the  sam e as described  above . H o w ev er, the cond itions  and hyb rid iza tion  
s o lu tio n  w ere  d if fe re n t w h e n  S P 6  tra n sc rip tio n  p ro b e  w as u s e d . 
P rehybrid ization  w as ca rried  out in  th e  so lu tion  con ta in ing  5x SSC , 40%  
form am ide, 5x D enhardt's , 0 .1%  S D S , 2 0 p l/m g  polyU  (boiled fo r 10 m in 
in  ad v an ce) at 3 0 °C  o v e rn ig h t. H y b rid iz a tio n  w as  ca rr ie d  o u t in  
prehybridization solution inc lud ing  b o iled  ssD N A  and p robe (1x10^ cpm ) at 
30°C  fo r tw o days.
4). Identification o f  potential clones
P lasm ids from  10  p o te n tia l c lones  chosen  acco rd ing  to  th e  
hybrid iza tion  results w ere p repared  b y  m in i-p rep s . T h ese  p lasm ids w ere  
d igested  w ith Hind HI and E co R I to  re lease  the cD N A  inserts and w ere  run
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on agarose gel. pG EM 3 w ith 3.6 K b  frag m en t plasm id w as d igested  w ith 
H in d ll l  and  w as a lso  run on the gel as co n tro l. T he gel w as S outhern 
blotted on to  nitrocellulose filte r and then hybrid ized  with SP6 transcription 
probe.
A. S outhern blotting
This was perform ed w ith a  m odified  procedure o f  Southern (1975). 
F o llow ing  v isualiza tion  under u ltra  v io lie t , g e l to  be tran sfe rred  onto  
hybridisation m em brane was first treated w ith  500m l o f depurination solution 
(0.1M  HC1) in  a plastic box w ith shaking  fo r  20m in. This process im proves 
the tran sfer efficiency o f  larger D N A  fragm ents. Then the gel w as treated 
in  the sam e w ay w ith  500m l o f  1.5M  N aC l, 0 .5M  N aO H  to  bring  about 
denaturation o f the D NA . A fter 20m in the denatu ring  solution w as replaced 
w ith ano ther 500m l o f  fresh solution and th e  gel was treated fo r a further 
20m in. Then the liquid was replaced w ith 5 00m l o f 1.5M N aC l, 0.5M  T ris -  
HC1 pH  7 .4  to neutralize the gel. A fter 4 0 m in , the solution w as replaced 
w ith  the  sam e volum e o f the sam e fresh  so lu tion  fo r another 20m in. The 
D N A  w as then tran sferred  on to  n itro ce llu lo se  o r nylon m em brane by 
ca p illa ry  b lo tting . This w as ach ieved  b y  firs t p lacing  th e  gel on to  a 
p la tfo rm  overlain  w ith  W hatm an 3M M  p a p e r  dipping in to  a  reservo ir o f 
20xSSC . A reas on  the p latform  su rro u n d in g  the gel w ere covered  w ith  
cling film  to prevent the solution transferring  directly from  the reservoir to 
the m em brane. T he transfer m em brane w as p re -w e t with 2x SSC  and then 
p laced  on  top o f  the gel. 2  layers o f  W ha tm an  3M M  paper cu t to  the sam e
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s ize  as the m em brane w ere placed over its e x p o se d  surface fo llow ed  by 
p ap e r tissues to  a depth o f  4cm . Finally  the tissu es  w ere overlain  w ith  a 
g lass plate on top  o f  w hich w as placed a  w eigh t o f  approxim ately  lK g . 
T ran sfe r o f  the D N A  w as allow ed to  proceed fo r  12 -18hours. F ollow ing 
tran sfe r o f the D N A , m em brane was briefly  w ash ed  in 2  x SSC to  rem ove 
an y  adhering agarose and allow ed to dry fo r 3 0  m in . The D NA w as then 
fixed  to  the m em brane by baking in vacuo  fo r 2h  at 80°C .
B . H ybridization o f  im m obilised DNA to  rad io labelled  probe
The filter w as hybridized w ith SP6 tran scrip tion  probe to identify 
th e  plasm id contain ing  the positive insert. P rehyb rid iza tion , hybridization 
an d  washing condition w ere carried out exactely  the  sam e as cD N A  library 
h y b rid ized  w ith  S P6 transcrip tion  probe. The f i l te r  w as backed at 80°C  
u n d er vacuum and was radioautographed.
Chapter 3
Identification of NADH-GOGAT Two 
Isoenzymes from Root nodules o f 
Phaseolus vulgaris L.
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3.1. Introduction
G O G A T  and  G S w ork  to g e th er in  the pa th w ay  fo r  the 
assim ilation  o f  sy m b io tica lly  fixed  n itrogen  in to  o rgan ic  form  in  root 
nodules o f legum es supplying nitrogenous com pounds fo r the  plant growth. 
GS has been  w id e ly  studied in  a num ber o f p lan t species. In  P haseolus  
vulgaris, GS h as  been  found to  be present as fo u r  d iffe ren t form s. In  root 
nodu les tw o  iso en z y m es  o f  G S have been separated  b y  ion -ex ch an g e  
chrom atography . G S  I  is s im ilar to  the  G S p resen t in ro o t, GS II  is a 
nodule specific  enzym e induced during nodula tion  ( C ullim ore er al., 
1983) and in  p a ra l le l  w ith  the induction  o f n itrogenase. Besides nodule 
specific G S, sev e ra l o ther nodule specific n itrogen  assim ilatory isoenzymes 
are induced du rin g  nodule developm ent, such as uncase  in  soybean nodules 
(Bergm ann e t  a l. 1983), A A T in  lupin (Reynolds and F am dcn , 1979). It is 
w orthw hile to d e te rm in e  w hether a  nodule specific  G O G A T  isoenzym e is 
induced during  nodula tion .
In h ig h e r  p lants tw o  form s o f  G O G A T  have b ee n  purified  and 
characterised: F d -d ep en d en t G O G A T and N A D H -dependen t G OG A T. F d - 
G O G A T is m a in ly  located  in chloroplasts  and has been purified  from  a 
n um ber o f  s p e c ie s , w hilst N A D H -G O G A T  is  m ain ly  located  in root 
nodu les o f  le g u m e s  and has n o t been  stud ied  w idely  because o f  the 
instability . T he w o rk  on antibodies to  F d -G O G A T  has show n tha t F d -
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G O G A T and N A D H -G O G A T  arc two d iffe ren t enzym e proteins (Suzuki c t  
al. 1984b). N A D H -G O G A T  in plant frac tio n  o f  lup in  nodules has b ee n  
show n to  be induced  o v e r a  tim e course w hich  paralleled  the induction o f  
n itrogenase and G S , thus suggesting tha t N A D H -G O G A T  is an im portan t 
enzym e in assim ilating  am m onium  in ro o t nodules. H ow ever, Suzuki c t al. 
(1984b)has reported  tha t in  soybean ro o t nodules F d -G O G A T  is a m a jo r 
enzym e, its ac tiv ity  is tw ic e  as high as N A D H -G O G A T  activity . I t  is  
u n c lea r w hich  fo rm  o f  G O G A T  in ro o t nodu les is  m ore im p ortan t in  
assim ilating am m onium  produced  during dinitrogen fixation.
In this chap ter, th e  activities o f  F d -G O G A T  and N A D H -G O G A T  
in  Phascolus vulgaris  ro o t nodules have been com pared and efforts on  th e  
s e p a ra t io n  o f  i s o e n z y m e s  o f  N A D H -G O G A T  u s in g  d i f f e re n t  
chrom atographic te ch n iq u es  has been tried  from  Phascolus vulgaris  and  
from  o ther species as w ell. Tw o isoenzym es o f  N A D H -G O G A T  have been  
identified  and separated fro m  root nodules o f  Phascolus vulgaris.
3.2. Results
1. Stability of NADH-GOGAT
N A D H -G O G A T  from  lupin ro o t nodules has been reported to  be
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very  unstab le in vitro  w ith  a  lo ss  o f  activity  o f  2%-h” 1 at 0°C  (R obertson 
c t al. 1975b) and recen tly  N A D H -G O G A T  fro m  alfalfa w as reported to  be 
m ore  unstab le w ith  the  lo ss  o f  activ ity  o f  3 % -h “ * (A nderson er al. in  
p ress). T h e re fo re , it  is n e c e ss a ry  to  d e te rm in e  the facto rs required  to  
m ainta in  the  stab ility  o f  the  en zy m e so  tha t accurate  determ inations o f  its 
ac tiv ity  in nodules can  be m ade. 1
1) The effec t o f  extraction b u ffe rs  on N A D H -G O G A T  activity
T he bu ffe r used  in  th e  extraction  o f  N A D H -G O G A T  w as one o f  
the factors affec ting  the e n z y m e  stability (T ab le  3.1.). Hepes buffers and 
phosphate bu ffers w ere fo u n d  to  b e  able to  stab ilize the enzym e activity . 
H ow ever w hen nodu les w ere  ex tracted  w ith  T ris  buffers, 70%  o f  activity  
w as lo s t a t 0 °C  o vern igh t. S im ilia r  resu lt w as  obtained by  B oland and  
B enny  (1977). T hey  found  th a t overnight d ia ly s is  against Tris-H Cl b u ffe r 
resulted  in  total loss o f  N A D H -G O G A T  activ ity .
Table 3.1. show s the  d ifferences in N A D H -G O G A T  activity w hen 
extracted  from  roo t nodules o f  P. vulgaris w ith  different buffers.
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T ab le  3.1. N A D H -G O G A T  ac tiv ity  extracted fro m  root nodules 
o f  P. vulgaris w ith  d iffe ren t b u f fe r s  (at 0°C )
N A D H -G O G A T  Activity
E xtrac tion  B u ffe r (%  o f  the  assay  w ithin 5m in after extraction)
(50m M ) 5 m in lh 4h 24h
H epes-K O H to o 100 93 50
Phosphate 100 99 92 46
T ris-H C l 100 94 88 20
T h e  assay included 50m M  pH  7 .6  b u ffe r , 1%  P -m ercaptoethanol, Im M  2 -  
oxoglutarate, 2.5mM  L -g lu tam ine , 0 .16m M  N A D H .
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2 ) The stability o f  N A D H -G O G A T  activ ity
T he root nodules o f  P. v u lg a r is  w ere  ex trac ted  w ith  pH 7.6 
H epes b u ffe r  and  desalted  by Sephadex G - 5 0  colum n in to  50m M  pH 7.6 
phosphate buffer. T he ac tiv ity  o f  N A D H -G O G A T  was assayed at 25°C  in 
50m M  pH  7 .6  H epes b u ffe r con tain ing  1%  P-m ercap toethano l, Im M  2 -  
oxoglutarate, 2.5m M  glutam ine and 0 .16m M  N A D H . The concentrations of 
the  three substrates w ere  all saturating fo r  N A D H -G O G A T . T he stability 
o f  N A D H -G O G A T  activ ity  w as determ ined  by  incubating desalted extract 
o f  root nod u le s  w ith  d iffe re n t c h e m ic a ls  in  assay  m ix tu re  at room  
tem perature and 0 °C  at d iffe ren t in tervals  (T ab le  3.2.). T he result shows 
tha t enzym e w as very unstable w ithout stab ilizers: at room tem perature with 
to tal loss o f  the ac tiv ity  fo r 10 h. and  50%  loss o f  the activ ity  at 0°C . The 
enzym e from  roo t nodules o f  P .vulgaris  w as observed to be m ost unstable 
com pared  to  N A D H -G O G A T  from  roo t nodu les  o f lupin and alfalfa. The 
results show ed that the presence o f  a  su lfhyd ry l-p ro tec ting  reagent such as 
P -m ercap toethano l (M E) o r  d ith io th re ito l (D T T ) was essen tia l to  stabilize 
th e  enzym e ac tiv ity . T he inc lu s ion  o f  p h eny lm ethy lsu lphony l fluoride 
(PM SF), a  p ro tease inh ib ito r w as im p o rtan t to  prevent the  enzym e from  
degradation. ED TA  w as also found to  b e  u se fu l in  m aintaining the enzyme 
activity . A  com bination  o f  D TT o r  p -M E , P M S F  and ED T A  in H epes or 
phosphate b u ffe rs  resu lted  in a  co n s id e rab le  e ffec t on enzym e stability, 
w ith only  loss o f  ac tiv ity  0 .5% -h” ^.
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Table 3.2. Stability of NADH-GOGAT in crude extracts of P.vulgaris 
root nodules
A ctiv ity  o f N A D H -G O G A T  (%  o f  initia l activity)
A dditions R oom  Tem p. U
0O
10h 10h 24h
N one 0 50 10
lOmM  D T T 10 72 50
1 % b -M E 8 66 48
Im M  ED TA 12 60 44
Im M  PM SF 18 80 60
Im M  D TT+lm M  ED TA  
+ lm M  PM SF 40 98 88
lO m M  KC1 4 48 40
lO m M  N H 4C1 30 55 42
5m M  G lutam ine 8 52 44
Sm M  G lutam ate 0 10 8
5m M  2 -oxog lu tara te 10 54 46
-113-
It w as reported  tha t N A D H -G O G A T  w as a lso  p resen t in the 
bacteroids o f  root nodules (R obertson e t al. 1975). T o  ensu re  tha t N A D H - 
G O G A T ac tiv ity  in  this study w as ex tracted  from  p lan t cy to so l, O.SM 
sucrose w as inc luded  in the  ex traction  b u ffe r to  p reven t the  bacteroids 
m e m b ran e  fro m  b reak in g . A  m a rk e r en zy m e o f  b a c te ro id s , p -  
hyd roxybu ty ra te  dehydrogenase cou ld  no t be detected  in  the extract, 
ind icating  tha t the re  w as n o  bac tero id  con tam ination  in  the  p lant cell 
fraction  and N A D H -G O G A T  activities determ ined in  our w ork  cam e from 
the plant fraction o f  root nodules.
From the results show n in Table 3.1. and T able 3 .2 ., it  can be seen 
tha t N A D H -G O G A T  activ ity  could  be stab ilized  w ith  D T T  or P -M E , 
ED TA  and PM SF in either H epes bu ffer o r phosphate bu ffe r. Therefore 
H epes bu ffe r w as used  to extract the enzym e from  roo t nodu les and K -  
phosphate bu ffer w as used in the purification.
2. Com parison o f  N A D H -G O G A T  and Fd-G O G A T  activities in 
P.vulgaris ro o t nodules
It has been reported  tha t F d -G O G A T  is also  p resen t in root 
nodu les and in  soybean root nodules ac tiv ity  o f  F d -G O G A T  is 2 -fo ld  
h ig h e r than tha t o f  N A D H -G O G A T  (S uzuki e t al. 1984b)- N o such a 
com parison  has been  reported  betw een  ac tiv ities o f  F d -G O G A T  and 
N A D H -G O G A T  from  root nodules o f  P. vulgaris. W e have com pared the 
ac tiv ity  o f  F d -G O G A T  and N A D H -G O G A T  from  root nodu les o f both
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P. vulgaris  and soybean. F d -G O G A T  activ ity  w as routinely m easured  by 
the  p roduc tion  o f  l^ C -la b e lle d  g lu tam ate from  l^ C -g lu ta m in e . N A D H - 
G O G A T  ac tiv ity  can  be assayed e ith e r by m easuring  the o x id a tio n  o f 
N A D H  a t  340  nm  o r  by m easuring  the  p roduc tion  o f  *4 C - la b e l l e d  
g lu tam a te . Therefore, a rad iochem ical m ethod  w as adopted  to  com pare  
the  ac tiv ities o f  tw o form s o f G O G A Ts.
1) C heck ing  the radiochem ical methods
B efore the  com parison o f  the ac tiv ities o f  tw o G O G A T s w as 
m ade, it  w as necessary to  determ ine tha t the radiochem ical m ethod fo r both 
G O G A T s w as reliab le . N odules w ere ex tracted  w ith pH 7.6 H cpes b u ffe r  
co n ta in in g  0.5M  sucrose, lOmM  D TT, Im M  ED TA  and Im M  PM S F . Fig 
3 .1 .a. and  b. show that the production o f  14C -labe lled  glutam ate from  both 
G O G A T s w as linear w ith in  15m in and increased  as a  function  o f  the 
am o u n t o f  ex trac t o f  ro o t nodu les. P roduc tion  o f  g lu tam ate  w as not 
in c reased  la ter than IS m in  in the case o f  N A D H -G O G A T , suggesting  that 
N A D H -G O G A T  w as n o t as stab le  as F d -G O G A T . T he assay  o f  the 
ac tiv ity  o f  tw o  G O G A Ts have to  be carried  out w ithin ISm in.
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Fig .3 .1 .T he production of *4C-glutamate by the two GOGATs at different 
intervals and with different amount of extracts
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2) A  com parison o f  ac tiv ities o f  N A D H -G O G A T  and F d -G O G A T  in  root 
nodu les o f  P. vulgaris
A com parison w as m ade o f N A D H -dependen t and Fd-dependent 
G O G A T  activities in  c ru d e  nodule extracts o f  P. vulgaris cv Tendergreen, 
u s ing  the radiochem ical assay  (Table 3.3.)- C are was taken in the extraction 
p ro ced u re s  to  m in im ise  pro teo lysis  and  inactivation  o f  the enzym es by 
inc lu d in g  a  protease in h ib ito r and  activity  stabilisers in the buffers and by 
p reparing  and assaying th e  extracts rapidly. T herefore the activities o f  both 
fo rm s  o f  G OG A T w ere  re la tive ly  s tab le  in  the bu ffe r used . T he assay 
cond itions  were optim um  fo r  tw o enzym es. B oth  activities were found to be 
la rgely  dependent on  2 -ox o g lu ta ra te  and reductant, and w ere abolished by 
a z ase r in e  an inh ib ito r o f  g lu tam ine-am i do  transferases (M iflin and  Lea 
1980). T he activity o f  N A D H -G O G A T  w as found to  be over th ree -fo ld  
h ig h e r than the F d -G O G A T  activity.
M easurem ents o f  N A D H -G O G A T  in these extracts using  a 
spectropho tom etric  assay  w ere 12.8nm ol m in -1  mg p ro te in -1 w hich was 
a lm o s t iden tical to  a  v a lu e  12.3nm ol m in -1  m g p ro te in -1 using the 
rad io ch em ica l m ethod  a n d  therefo re th is  s im pler assay  w as used  in  all 
fu r th e r  experim ents.
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T ab le  3.3. A ctiv ities o f  N A D H  and  ferredoxin-dependent 
G O G A T in  ro o t n odu les o f  P. vulgaris.
A ssay  conditions G O G A T  activity
C om plete  w ith  N A D H
— 2-oxog lu tara te  
+  azaserine (5m M )
C om plete  w ith  ferredoxin
— 2 -oxog lu ta ra te  
■+• azaserine (5m M )
C o m p le te  — reductant
12.3
0.2
0
3.9
0.6
0
0.6
T he ac tiv ities  w ere m easured by the  radiochem ical assay as described in
M ethods.
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3) A  com parison  o f  ac tiv ities  o f N A D H -G O G A T  and F d -G O G A T  from 
soybean root nodules
T he N A D H -G O G A T  activ ity  and F d -G O G A T  activ ity  in  root 
nodules o f  soybean (G lyc in e  m ax  cv U SD  A  P rize  110) w ere also  com pared 
by the radiochem ical m ethod  (Table 3 .4 .). T he ro o t nodules w ere extracted 
w ith  ca re  to  k ee p  b o th  N A D H -G O G A T  and  F d -G O G A T  stab le  and 
ac tiv ities w ere assayed  im m ediately  a fte r  ex trac tion . T he results showed 
tha t the  substrate  dependence  and ac tiv ities fo r  N A D H -G O G A T  and F d- 
G O G A T  fro m  so y b e a n  ag reed  q u ite  c lo se ly  w ith  those  fo u n d  fo r 
P. vulgaris  root nodu les. T w o  G O G A Ts fro m  soybean  w ere dependent on 
2 -o x o g lu ta ra te  and  reduc tan ts , and w ere inh ib ited  by azaserine. N A D H - 
G O G A T  activity  w as found  about 3 -fo ld  h ighe r than  F d-G O G A T .
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Table 3.4.A ctivities o f  N A D H  and ferredoxin dependent GOGAT 
in  ro o t n o d u le s  o f  soybean (Glycine max cv USDA Prize 110)
A ssay  conditions G O G A T  activity
(nmol min“ * mg protein “ *)
C om plete w ith N A D H  11.5
— 2-oxog lu tara te  0.2
-+- azaserine (5m M ) 0
C om plete w ith ferredoxin  3.4
— 2-oxog lu tara te  0.3
- f -  azaserine (5m M ) 0
C o m p le te  — reductant 0 .4
The activities w ere m easured  b y  the radiochem ical assay.
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3. Identification of two isoenzymes of NADH-GOGAT in the plant fraction 
of root nodules of P. vulgaris
A crude ex trac t o f  the p lant f rac tio n  o f  P. vu lgaris  root nodu les 
was p repared  in  50m M  H epes pH  7 .6  bu ffe r containing lOmM  D TT, Im M  
E D TA , Im M  P M S F  to  stab ilize the  e n z y m e  and O.SM sucrose to  keep 
bactero id  m em branes intact. The ex trac t w as  desalted by  a 5m l S ephadex 
G -5 0  colum n. N A D H -G O G A T  activity  w as assayed and then the desalted  
extract w as run on an  H PL C  ion -exchange co lum n and the eluted fractions 
w ere assayed  fo r  N A D H -G O G A T  ac tiv ity  (F ig .3 .2a.). T w o p e a k s  o f 
activity elu ted  from  the colum n at I K C 11 o f  abou t 0.35 and 0.39M . T h e  tw o 
peak fractions w ere then  dilu ted  about 1 0 - fo ld  to  reduce the l KC1 ] to  less 
than 40m M  and w ere then rerun  separately o n  the H PLC colum n (F ig .3 .2b  
and c): each  activ ity  peak  elu ted  at its  o r ig in a l position  on the [ KC1 1 
g radient. The tw o  separa ted  activity  peaks w ere  assayed fo r fe rred o x in - 
d ependen t G O G A T  ac tiv ity  and  n e ith e r show ed  any ac tiv ity  w ith  this 
red u c tan t. W e p ro p o se  th a t these  tw o  a c tiv ity  peaks rep re sen t tw o 
isoenzym es o f  N A D H -G O G A T  w hich  w e h av e  called N A D H -G O G A T  I 
and N A D H -G O G A T  II respectively.
T o  determ ine i f  the re  is any  o th e r  N A D H -G O G A T  isoenzym e, 
w ith the  sam e charge as e ith e r o f the  tw o separa ted  isoenzym es b u t w ith  a 
d ifferent m olecular w eight, the tw o nodule N A D H -G O G A T  activity peaks, 
w ere then  run separately on an  H PLC g e l-f iltra tio n  colum n. The fractions
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w ere  assayed fo r N A D H -G O G A T  ac tiv ity  and  bo th  N A D H -G O G A T  I and 
N A D H -G O G A T  II w ere  reproducib ly  fo u n d  to  e lu te  a t a  single activ ity  
p ea k  and  at s lig h tly  d iffe ren t p o s itio n s  (F ig .3 .3b  and  c). This resu lt 
suggested  tha t only  tw o  N A D H -G O G A T  isoenzym es w ere present in root 
n o du le s  o f  P hascolus vulgaris  and th e y  h ave  abou t the sam e m o lecu lar 
w eight.
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F ig .3 .2 . Elution profile of NADH-GOGAT activity by HPLC ion-exchange 
chromatography of
a. crude extract of root nodules from P .vulgaris
b. NADH-GOOAT I from root nodules of P .vu lgaris  separated by HPLC ion- 
exchange column
c. NADH-GOGAT II from root nodules of P.vulgaris separated by HPLC 
ion-exchange column
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Fig.3.3. Elution profile of NADH-GOGAT activity from HPLC gel filtration column.
Arrows from a—»f represent the positions of molecular marker proteins (see 
Fig.3.4.) eluted from the column at the same condition.
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4. Determination of molecular weight of two NADH-GOGAT iioenzymei
T h e  m o lecu la r  w e ig h t o f  the  nativ e  tw o  N A D H -G O G A T  
isoenzym es w ere determ ined by  H PLC gel-filtra tio n  chrom atography (Fig
3 .3 . ) .
The crude nodule extract was also  run on  the H PLC g el-filtra tion  
co lum n and the fractions w ere assayed fo r N A D H -G O G A T  ac tiv ity  (Fig. 
3 .3a .). O nly  a  sin g le  peak o f  ac tiv ity  elu ted  from  the co lum n and  in 
com parison  to  pro te in  m arkers o f  know n M,-s, the native M r o f  N A D H - 
G O G A T  in crude nodule extracts appears to  be abou t 200,000 (F ig 3.4).The 
na tiv e  m o lecu la r w eigh ts o f  tw o  nodu le  N A D H -G O G A T  isoenzym es 
corresponded to  M rs o f  about 210,000 and 200,000 fo r N A D H -G O G A T  I 
and  N A D H -G O G A T  II respectively (Fig.3. 3b and c.).
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F ra c tio n  N u m b e r
Fig.3.4. The measurement of molecular weight of NADH-GOGAT from crude nodule 
extract by HPLC gel filtration column compared to the known molecular weight 
marker enzymes: (a) P-galactosidase (Mr 520,000), (b) glutamate dehydrogenase 
(Mr 340,000), (c) catalase (Mr 232,000), (d) alcohol dehydrogenase (Mr 150,000) 
(e)haemoglobin (Mr 64,000), (0- cytochrome c (Mr 13,000).
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5. NADH-GOGAT activities from other species
In P. vulgaris  root n o d u le s  tw o  isoenzym es o f  N A D H -G O G A T  
w e re  present. T o  check w h e th e r the re  ex ists  isoenzym es w ith d iffe ren t 
ch a rg e s  in nodules o f  other legum e species, the crude nodule extracts from  
s o y b e a n  (G ly c in e  m a x  cv  P ek in g  110 and  U SD A  P rize 110), a lfa lfa  
( M ed ica g o  sa tiva  L) and p e a  (P isum  sa tiv u m  L .) w ere also run  o n  the 
H P L C  ion-exchange colum n in  the sam e w ay  respectively (F ig.3.5a.b.c.d). 
T h e  eluted fractions w ere assayed  fo r  N A D H -G O G A T  activity . H ow ever, 
o n ly  one peak o f  N A D H -G O G A T  ac tiv ity  elu ted  from  the co lum n at 
s lig h tly  different [KC1] fo r all these species. T h e  activity  peak elu ted  from  
G ly c in e  m ax  cv  U SD A  P ek ing  110 appears b roader than o thers, it m ight 
co n ta in  two activity  peaks w ith  sim ilar charges.
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Fig.3.5. Elution profiles of NADH-GOGAT activity from root nodules of other species 
from HPLC ion-exchange column.
A .G ly c in c  m ax  cv  Peking 110, B .G lyc ine  m ax  cv U SD A  Prize 110, 
C . a lfa lfa  (M edicago saliva L), D .pea  (P isum  sativum  L .)
-128-
3.3. Discussion
N A D H -G O G A T  from  P haseolus vu lgaris  has been  show n to  be 
m ost unstable co m p a re d  to the enzym e from  ro o t nodules o f  lu p in  and 
alfalfa. T he ac tiv ity  o f  N A D H -G O G A T  could be stabilized by  adding D TT 
o r (3-M E, ED TA  a n d  PM SF. T he enzym e w as found  to be very unstab le at 
room  tem pera tu re  and  low  (freez ing ) tem pera tu re . It w as rep o rted  by 
A nderson et al. (1 9 8 8 )  that N A D H -G O G A T  from  alfalfa  root nodules was 
stable w hen s to re d  a t -8 0 °C  in  50%  glycerol, lOOmM K+ -p h o sp h a te  and 
3m M  DTT.
The ac tiv ity  o f  N A D H -G O G A T  is about 3 -fo ld  h igher than tha t of 
F d -G O G A T  in  P h a seo lu s  vu lgaris  roo t n o d u le s  as m easured  b y  the 
rad iochem ical a s s a y . This suggests  tha t in ro o t nodules o f  P .v u lg a r is  
N A D H -G O G A T  is  the  m ajor enzym e w orking  in  conjunction w ith  G S  to 
assim ilate am m o n ia  produced by  dinitrogen fixa tion . W e also found tha t in 
soybean root n o d u le s  grown under our conditions N A D H -G O G A T  activity  
w as ab o u t 3 - f o l d  h ighe r than  th a t o f  F d -G O G A T  (Table 3 .4 .) . T his 
observation  is in  co n tras t to  the  w ork  on soybean  nodules w here th e  F d -  
G O G A T  ac tiv ity  h a s  been show n  to  be tw ic e  as  h igh  as the N A D H - 
G O G A T  activ ity  (  Suzuki e t al. 1984b). The inconsisten t resu lt is p robably  
due to  the in s ta b ility  o f  N A D H -G O G A T  under the  assay conditions and  the 
ex traction  b u ffe r  u sed . It has been  reported  tha t T ristH C l buffer decreased
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the ac tiv ity  o f N A D H -G O G A T  (B oland and B enny, 1977) and this has 
been confirm ed by  our experim ent. W e noticed  that in  the w ork on soybean 
root nodules Tris*HCl b u f fe r  was used. T herefo re the relationship  between 
N A D H -G O G A T  and  F d -G O G A T  in  ro o t nodu les and  how  they are 
regulated in assim ilating N H 3  produced during  dinitrogen fixation  needs to  
be further determined.
The tw o N A D H -G O G A T  peaks could  be  reproducib ly  
separated from crude n o d u le  extracts by ion -exchange chrom atography and 
each peak reran in  its o r ig in a l position on  the colum n (Fig.3.2.). It suggests 
tha t the  tw o activ ity  p e a k s  are tw o separa te  enzym es. S eparated  tw o 
N A D H -G O G A T  a c tiv i ty  peaks w ere  ru n  o n  H P L C  g e l- f i l t ra tio n  
chrom atography, only a s in g le  activity peak  w as eluted fo r each  at about the 
sam e position. It could  b e  concluded fro m  all the above results tha t tw o 
isoenzym es o f N A D H -G O G A T  were p resen t in  the p lant fraction  o f  root 
nodules o f  P. vulgaris a n d  could  be separated by H PL C  chrom atography. 
The m olecu lar w eigh ts  o f  the  tw o N A D H -G O G A T  isoenzym es w ere 
determ ined to  be abou t 2 0 0 ,0 0 0  by H P L C  g e l-filtra tio n  chrom atography. 
This value is the sam e as th e  M r o f a lfa lfa  N A D H -G O G A T  (A nderson et 
al., in press) and s im ila r to  lupin N A D H -G O G A T  (B oland  and B enny, 
1977).
Only one N A D H -G O G A T  ac tiv ity  peak was e lu ted  from  H PLC 
ion -exchange ch ro m ato g rap h y  for o th e r  legum e nodules. H ow ever, the 
activity peak of N A D H -G O G A T  from soybean Peking 110 w as observed to 
be slightly  broader than  a  single peak. I t m ight consisted  o f  tw o activity
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peaks w ith  sim ilar charges. W h e th e r  there ex is t isoenzym es o f  N A D H - 
G O G A T  from  o ther species re m a in s  to be  determ ined . G S  fro m  root 
nodules o f  Phaseolus vulgaris w a s  found  to  occu r as isoenzym es but n o t in 
o ther species (C ullim ore and B en n e tt, 1988).The occurrence o f  isoenzym es 
m ight be related to  legum e species.
Chapter4
Purification and Properties of NADH- 
GOGAT and the Production of Antibodies
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4.1. Introduction
N A D H -G O G A T  has been p u r if ie d  and characte rised  from 
several species inc luding  lupin root nodu les (B oland and B enny  1977), 
soybean ce ll cu ltu re (C hiu  and Shargool 1 9 7 9 ), etio lated  s tem s o f  pea 
(M a to h e t al. 1980), P. vulgaris (A w onaike 1980) and recen tly  from 
alfalfa  root nodules (A nderson et al., in  p ress). Because o f  the  difficulties 
in  m ainta in ing  in vitro  ac tiv ity  o f N A D H -G O G A T  in  ex trac ts  o f  root 
nodu le s, it  b rings a lo t o f  d ifficu lties  in  p u rify in g  the  en zy m e and 
p roducing  the antibodies. This m ay explain  w h y  only a few  studies have 
been done on N A D H -G O G A T  in root nodu les in  contrast to  the  w ork on 
G S and Fd-G O G A T . O nly recently has an an tib o d y  raised against N A D H - 
G O G A T  from  root nodules o f  alfalfa  been  rep o rted  (A nderson e t al. in 
press). Considering the crucial ro le o f G O G A T  and  the lack o f  know ledge 
o f  N A D H -G O G A T  in root nodules, it is im p o rtan t to purify  the  enzyme 
and to  study the characteristics o f  the enzym es. T o  date N A D H -G O G A T  
has been  purified  from  P haseolus vulgaris  (A w onaike 1980) but 
before the discovery o f the tw o isoenzymes.
In this chapter the purification  o f  the tw o N A D H -G O G A T  
isoenzym es is described. T he k inetic and  p h y s ic a l properties o f  the two 
isoenzym es have been exam ined. A n a n t ib o d y  raised a g a in s t purified 
N A D H -G O G A T  from  S D S -p o ly a c ry la m id e  gel w as p ro d u c e d  and 
identified by Ouchterlony double diffusion an d  W estern blo t techniques.
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4.2. Results
1 .Purification of two isoenzymes of NADH-GOGAT
N A D H -G O G A T  is so unstable tha t 50%  o f  the activity w ill be 
lo s t w ith in  several hours at 4 °C  i f  no  stab iliz e rs  w e re  included in  the 
enzym e solution (Table 3.2 .). Therefore the ex trac tio n  bu ffer and a ll o ther 
buffers used  in  the purification  m ust contain  D T T  o r  P -M E , ED T A  and 
PM SF according  to  the result o f stability experim en t. T w o  isoenzym es o f 
N A D H -G O G A T  w ere purified about 9 0 0 -fo ld  fo r  N A D H -G O G A T  I and 
abou t 6 0 0 -fo ld  fo r  N A D H -G O G A T  II an d  b o th  p ro te ins ap p eared  
hom ogeneous on  S D S -p o ly a c ry la m id e  g el w ith  s ilv e r  stain ing . The 
p rocedures o f  purification  are show n in T ab le 4 .1 . A m m onium  sulphate 
precip itation  after ex traction  from  the nodule is n o t sh o w n  in this tab le  but 
it w as a  necessary step  to  concentrate the soluble p ro te in s  o f the nodules so 
as to  ran  on S ephac ry l-S 300  colum n. G e l- f i ltra t io n  chrom atography on 
Sephacryl S -3 0 0  colum n rem oved leghaem oglobin an d  o ther small proteins 
resulting  in  a 4 .9 -fo ld  purification. T he elu tion  p ro f ile  on  the co lum n o f 
S ep h ac ry l S -3 0 0  is p resen ted  in  F ig  4 .1 . A lth o u g h  there ex is t tw o  
isoenzym es o f  N A D H -G O G A T , the ir m olecu lar w eig h ts  are only slightly  
d iffe ren t, only one activ ity  peak w as elu ted  from  th e  colum n. T h e  B lue 
Sepharose colum n chrom atography is show n in  F ig  4 .2 . and resulted  in  a 
5 1 .4 -fo ld  increase in  specific activity . This is an  a ff in ity  chrom atography
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p ro ced u re ; en z y m es  reac tin g  w ith  n u cleo tides  su ch  a s  N A D H  w ere 
absorbed on to  the colum n. The N A D H -G O G A T  will b in d  o n to  the colum n 
in  the p resence  o f  g lu tam ate. T he enzym e w as then e lu ted  w ith buffer
contain ing  300m M  N aC l and  50m M  glutamine and 50 m M  2-oxoglutarate . 
In  addition  to  the salt, the substrates g lu tam ine  and 2 -o x o g lu ta ra te  
w ill ch a n g e  the  c o n fo rm a tio n  o f  the enzym e a n d  h en c e  cause 
d isabsorp tion  o f  the enzym e from  the colum n. From  th e  resu lt o f  S D S - 
p o ly a c ry lam id e  g e l, N A D H -G O G A T  w as n o t h o w e v e r  p u rified  to 
hom ogeneity  using  th is step. A relatively  b road  ac tiv ity  peak  containing 
bo th  isoenzym es w as e lu ted . N ot until ch rom atog raphy  o n  H PLC io n -  
exchange colum n, w ere the tw o isoenzym es separated com p le te ly  (Fig.4.3.) 
a n d  th e y  w ere  p u r if ie d  to  a p p a re n t h o m o g e n e ity  a f te r  fu r th e r  
chrom atography on H PL C  g el-filtra tion  colum n (Fig 4 .4 .). T h e  proteins at 
d iffe re n t s tages du rin g  the  purifica tion  p rocedures w e re  run  on S D S - 
polyacrylam ide gel (Fig.4.5). Both proteins appeared to be hom ogeneous on 
S D S -po lyacry lam ide  gels and  revealed denatured  M rs o f  each  o f the tw o 
isoenzym es o f  abou t 200 ,000  (Track7 fo r N A D H -G O G A T  I, Track8 for 
N A D H -G O G A T  II). T he to tal N A D H -G O G A T  ac tiv ity  recovered  in the 
purification  w as abou t 8% , w hich w as represented by ab o u t 2%  and 6%  for 
N A D H -G O G A T  I and N A D H -G O G A T  II re sp ec tiv e ly . T he specific 
ac tiv ities o f  N A D H -G O G A T  I and N A D H -G O G A T  II a t the end  o f  the 
purification  procedures w ere  3.8 p m o l m in - * m g p ro te in - 1 and 8.1pm ol 
m in “ * m g protein-  * respectively.
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N A D H —G O G A T ac tiv ity  (nm ol-m in-1-frac tio n - l x 10^ )
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Fig 4.6. SDS-polyacrylamide gel of proteins from different purification steps. 15%SDS- 
polyacrylamide gel was run overnight at 10mA, the gel was silver stained.
The proteins of each track from 1. crude extract (300pg) 2. Sephacryl S-300 
column (200pg) 3.Blue Sepharose (lOpg), 4. HPLC-ionexchange column for 
NADH-GOGATI (5pg) 5. HPLC ion-exchange column for NADH-GOGATII 
(5pg), 6. HPLC gel filtration column for NADH-GOGATI (0.5pg), 7. HPLC gel 
filtration column for NADH-GOGAT II (0.5pg). 8.The molecular markers: myosin 
(Mr 200,000), (3-galactosidase (Mr116,200), phosphorylase B (Mr 92,000), bovine 
serum albumin (Mr 66,000), ovalbumin (Mr 45,000).
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2. Activity charactcriitici of the two NADH-GOGAT isoenzymes.
1). Substrate specificity  o f  the tw o N A D H -G O G A T  isoenzym es
T w o N A D H -G O G A T  isoenzym es w ere separated and  purified  by 
am m onium  sulphate precip itation , S ephacry l S -3 0 0  chrom atography  and 
H PL C  io n -exchange  colum n. Partially purified  tw o  isoenzym es o f  N A D H - 
G O G A T  w ere then  used  to  study the specificity  o f  the tw o  isoenzym es for 
th e ir  substra tes  (T ab le  4 .2 .). F rom  the  tab le  it can  be seen  th a t both 
N A D H -G O G A T  I  and N A D H -G O G A T  II activities w ere to tally  abolished 
by  adding azaserine, an  inh ib ito r o f  am id o -N  transferases, to  the reaction 
m ixtures. T he ac tivities o f  both  isoenzym es w ere largely dependent on  their 
substrates L -g lu tam in e , 2 -o xog lu ta ra te  and N A D H . N eith er L -asparag ine  
no r N H 4C I could  substitu te fo r glutam ine in  the assay and  neither pyruvate 
n o r  oxaloacetate  cou ld  substitu te  fo r  2 -ox o g lu ta ra te . V ery  little  activity  
w as m easu rab le  w ith  e ith e r isoenzym e w hen  N A D H  w as rep laced  by 
N A D PH .
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Table 4.2. Substrate specificity  o f  the two NADH-GOGAT 
isoenzymes from root nodules o f P. vulgaris
Assay conditions NADH-GOGAT activity
(%  o f  com plete assay)
NADH-GOGAT I NADH-GOGAT D
C om plete  assay* 100 100
0.4m M  azaserine 0 0
glutam ine 7.0 1.8
glu tam ine +  Im M  asparagine 7 .0 0
glu tam ine +  Im M  N H 4CI 3.0 0
2-oxog lu tara te 3.6 3.6
2 -oxog lu tara te  +  0 .8m M  pyruvate 2.8 1.6
2-oxog lu tara te  +  0 .8m M  oxaloacetate 3.2 2 .6
N A D H 0 0
N A D H  +  160 pM  N A D PH 2.6 0.8
* C om plete  assay inc ludes 50m M  H epes pH  7 .5 , 1% p -m ercap toe thano l, 
Im M  2-oxoglutarate , 2 .5m M  L -g lu tam ine, 0 .16mM  NADH.
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2) K inetic properties o f  the tw o  isoenzym es
A . The determ ination o f  apparent Km
T he apparent Km  fo r  each  substra te  w as determ ined fo r  each 
isoenzym e using  partia lly  purified  enzym e (see N B on page 155). In  each 
case the concen tration  o f  tw o  substrates w as saturated and kept constan t 
w hile the concentration  o f  the th ird  was varied  and the rate o f reaction  for 
each  concen tration  o f  the third m easured. T he constant concentrations o f 
g lu tam ine, 2 -o x o g lu ta ra te  and N A D H  w ere respectively  2.5m M , l.OmM  
and 0 .16m M . The rates o f  reac tion  (v ) w ere m easured  in arb itrary  units 
(a.u .) w hich  represent nm oles N A D H  oxidized per m in per 0.05m l partially 
purified  enzym e. T he apparent K m  fo r each substrate was then determ ined 
by linear reg ression  analysis o f  L inew eaver and B urk double recip rocal 
data. The K m  fo r each substrate o f  tw o isoenzym es w as assayed tw ice and 
there w ere  som e varia tions betw een  the tw o  experim en ts. T he results 
show ed here  w ere from  the second experim ent. Each poin t in the p lo t was 
the  m ean value  o f  tw o  assays  w hich  show ed  less than 5%  varia tion  
(F ig .4 .7 ., F ig .4 .8 . and  F ig .4 .9 .). T he resu lts  in  T ab le 4 .3 . show  that 
N A D H -G O G A T  I had  an apparent Km o f 770pM  for glutam ine, 2 2pM  for 
2 -oxog lu ta ra te  and 14pM  for N A D H . N A D H -G O G A T  II had an apparent 
K m  o f  2 4 0 p M  fo r g lu tam ine, 87pM  fo r 2 -o x o g lu ta ra te  and 5 .2pM  for 
N A D H . T h e re fo re , N A D H -G O G A T  II had  h ig h e r a ffin itie s  fo r  L -  
g lu tam ine  and  N A D H , b u t a  low er a ffin ity  fo r  2 -o x o g lu ta ra te  w hen 
com pared  to  the co rresponding affin ities fo r  these substrates o f  N A D H -
G O G A T  I.
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Fig.4.7. Determination of Km for Glutamine of two NADH-GOGAT isoenzyme
The reaction was carried out at 30°C in the presence of 1.0 mM 2-oxoglutarate, 
0.16mM NADH and 0.05ml of partially purified NADH-GOGAT isoenzyme. 
(Double reciprocal plot)
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NADH-GOGATI 
-1 /K m  ■ -45 K m -2 2 ^M
NADH-GOGAT n  
-1 /K m  -  -11.5 Km-8T^M
Fig.4.8. Determination of Km for 2-oxoglutarate of NADH-GOGAT two isoenzyme 
The reaction was earned out at 30°C in the presence of 2.5mM glutamine 
0.16mM NADH and 0.05ml of partially purified NADH-GOGAT isoenzyme. 
(Double reciprocal plot)
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B. The determ ination o f  pH  optim a o f  tw o N A D H -G O G A T s
T h e  pH  optim a (F ig .4 .10 ) o f  th f  tw o  isoenzym es w ere 
determined using  partia lly  purified enzym e at 25°C  in  50m M  H epes buffers 
con ta in ing  1%  (3 -m ercap toe thano l, Im M  2 -o x o g lu ta ra te , 2 .5m M  L -  
glutam ine, 0 .16m M  N A D H . T he concen trations o f  three substrates w ere 
saturated and con stan t w hile the b u ffe r varied  in  pH . T he rate o f  reaction 
w as m easured  w ith  d ifferen t H epes bu ffer. T he pH  op tim a o f  the tw o 
isoenzym es w ere d iffe ren t as shown in  the pH  pro file  (Fig.4.10.): N A D H - 
G O G A T I had  a  b ro ad  pH  optim um  centering  at pH  8.0 w hereas N A D H - 
G O G A T II had  a  m uch  narrow er pH  optim um  o f  8.5.
N
A
D
H
-G
O
G
A
T
 a
ct
iv
it
y
-148-
pH
Fig.4.10. pH profiles of NADH-GOGAT two isoenzymes
■ ----- -«Activity of NADH-GOGAT I
♦ -------♦  Activity of NADH-GOGAT II
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C . T he determ ination  o f  tem perature op tim a o f  tw o isoenzym es o f  N A D H - 
G O G A T
T he tem peratu re o p tim a  fo r  tw o  isoenzym es w ere a lso  
determ ined  u s in g  partia lly  pu rif ied  enzym es (F ig  4 .11 .). T he assay  w as 
carried  o u t in  50m M  pH7.5 H epes bu ffe r containing 1% P-m ercaptoethanol, 
Im M  2 -ox o g lu ta ra te , 2.5m M  L -g lu tam in e , 0 .16m M  N A D H  at 15°C, 20°C , 
2 5 ° C , 3 0 °C , 3 3 ° C ,3 5 ° C  and 3 8 °C . I t can  be seen  from  F ig .4 .11 . tha t 
tem peratu re op tim a fo r tw o N A D H -G O G A T s w ere about the sam e around 
30*C .
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Fig.4.11. Temperature optima for NADH-GOGAT two isoenzymes 
■  —  ■  Activity of NADH-GOGAT I 
•  —  •  Activity of NADH-GOGAT II
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D . K inetic p roperties o f  the  tw o  N A D H -G O G A T  isoenzym es from  root 
nodules o f  P. vulgaris  in  relation  to tha t from  o ther species
K inetic  p roperties o f  the  tw o  isoenzym es o f  N A D H -G O G A T  
w ere  found to  be s ligh tly  d ifferent ex c ep t tha t tem peratu re optim a fo r  tw o 
isoenzym es are ab o u t the  sam e as sh o w n  in  T ab le 4 .3 . H ow ever, a ll the 
values fo r k inetic  p roperties  w ere fo u n d  to  fall w ith in  th e  range fo r those 
from  root nodules o f  o ther species (T ab le  4.4.).
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Table 4 .3 . K inetic p roperties o f  the  two NADH-OOGAT 
Isoenzym es
P r o p e r ty NADH-GOGAT I NADH-GOGAT U
Km  fo r  L -g lu tam in e 7 70  p M 240  p M
K m  fo r  2 -oxog lu tara te 22  (iM 87pM
Km  fo r  N A D H 14 p M 5.2  p M
pH  op tim um 8.0 8.5
T em peratu re  optim um 30#C 3 0 -3 2 °C
T he co rre la tion  coefficien ts  ob ta ined  fo r the  lin e a r  regression analyses o f 
the KmS w ere  greater than  0.97 .
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T ab le  4.4. K inetic  properties o f  N A D H -G O G A T  from  roo t 
n o du les o f  P. vulgaris in  re la tio n  to  o th e r  sources
Apparent Km values (p.M)
Source op tim um NADH N A D PH G in 2 -O x o References
P. vulgaris (nodules) 
N AD H -GO G AT I 8.0 14 770 22
NAD H -GO G AT D 8.5 5 2 240 87
P. vulgaris (nodules) 7.6 7.1 ?'?'> 18.5 Awonaike (1980)
G. m ax
(cultured  cells) N .D . 9.0 630 64
C hiu  &  S hargool 
(1979)
G. m a x  
(co ty ledons) N .D . 8.3 1,100 630
Storey &  Reporter 
(1978)
M . sa tiva  
(nodules)
7 5 -8 .5 4.2 466 33 A nderson e t al.(1988)
L . angustifo lius  
(nodules) 8.5 1.3
400 39 B oland and Benny (1977)
P .sa tiv u m  (roo ts) 7.0 1,100 500 M iflin  and L ea  
(1975)
P .sa tivum
(coty ledons) N .D . 13.3 27.7
1.430 960 Beevers &  Storey (1976)
P .sa tivum  
e tio la ted  shoots N .D . 4.0 400 37
M atoh c t al. 
(1980)
E .co li 7.6 7.7 250 17.8 M iller &  Stadtm an
(1972)
N .D .-  N o t D eterm ined
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T h e  tw o partia lly  purified  N A D H -G O G A T  isoenzym es (see N .B . 
on p age  155) w ere kep t a t room  tem peratu re, 0 °C  and  -2 0 °C  separately . 
T he ac tiv ities o f  tw o N A D H -G O G A T  isoenzym es w ere  assayed at 4h ., 8h. 
and 24h. exactly  the sam e as  described in  M ethods. T he results show ed that 
both  isoenzym es w ere unstab le  at room  tem perature, w ith  75 -1 0 0 %  loss o f  
ac tiv itie s  fo r  8h. and n e i th e r  w ere s tab le  a t low  tem pera tu re . N A D H - 
G O G A T  I w as m ore unstab le  than N A D H -G O G A T  II. N A D H -G O G A T  I 
lost to tal activ ity  at room  tem perature fo r 8h and stored  at -2 0 °C  overnight.
3). S tabilities o f  the ac tiv ities o f  tw o N A D H -G O G A T
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T able 4 .5 . S tabilities o f  the  tw o  p artia lly  p u rified  
isoenzym es o f  N A D H - G O G A T  from  ro o t nodules o f  P. vulgaris
A ctivity  o f  N A D H -G O G A T  (%  o f  in itia l activity) 
N A D H -G O G A T  I N A D H -G O G A T  II
Room 4h 35 68
T em p 8h 10 25
24h 0 0
4h 7 0 96
0 °C 8h 6 0 90
24h 40 84
4h 4 0 60
- 2 0 ° C 8h 2 0 56
24h 15 50
N B.
T w o  iso en z y m es  w ere p a r tia lly  p u rif ied  b y  am m onium  sulphate 
p re c ip ita tio n  o f  th e  ex tra c t o f  ro o t n o d u le s , S e p h a c ry l S -3 0 0  
chrom atography and H PL C  ion -exchange  chrom atography.
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4). E ffec ts  o f  various am ino  acids on th e  ac tiv ities o f  the tw o N A D H -
G OG A T isoenzymes
T he tw o p artia lly  purified N A D H -G O G A T  isoenzym es (see NB 
on  page 155) w ere u s e d  to  study the  e ffec ts  o f  am ino  ac ids on  the ir 
ac tiv ities. T he enzym es w ere m ixed w ith  20m M  eq u a l volum e o f  am ino 
acids first, 200p l o f  th e se  solutions w ere then assayed fo r N A D H -G O G A T  
activities exactly  the sam e as described in  M ethods. O f  the 19 am ino acids 
tested, on ly  asparag ine , m ethionine and  glu tam ine had  no effec ts on the 
ac tiv ities o f  both  isoenzym es. H is tid ine , valine, tryp tophan , threonine, 
lysine, leucine and serine  inhibited both  tw o  isoenzym es by m ore than 50%. 
Phenylalanine inhibited N A D H -G O G A T  II by 30%  b u t nearly had no effec t 
on N A D H -G O G A T  I . G lutam ate inh ib ited  N A D H -G O G A T  I by  20%  
w hilst N A D H -G O G A T  II only 10%.
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Table 4.6. E ffects o f  am ino acids on the activ ities o f two N A D H -G O G A T
Isoenzymes from root nodules o f  P. vulgaris
A m ino acids
I n h ib i t io n  ( % )  
N A D H -G O G A T  I  N A D H -G O C
Ala 34 2 2
A sp 30 28
A sn 0 0
Arg 10 10
Cys 18 10
G lu 2 0 10
G in 0 0
G ly 4 0 3 6
His 82 8 8
H yp 30 26
De 10 14
Leu 70 62
Lys 5 8 6 0
M et 0 0
Phe 0 3 0
Pro 4 6 3 6
T yr 76 8 0
T hr 74 7 8
T he results are ex p ressed  as % inh ib ition  o f  control (w ithou t amino 
acid). T he activity o f  N A D H -G O G A T  w as assayed  in  50m M  H epes buffer, 
pH 7.6, containing 1%  (3-M E, 2.5m M  g lu tam ine , Im M  2 -ox o g lu ta ra te  and 
0 .16m M  N A D H  in  a  f in a l vo lum e o f  1m l. A ctiv ity  o f  th e  co n tro l for 
N A D H -G O G A T  I w as 14 nm o les  N A D H  o x id ized  m in” * lOOp.1"* and 
18nmoles N AD H  oxidized  m in -1  lOOpl“ 1 fo r N A D H -G O G A T  n .  T he final 
concentration o f  the added am in o  acids in the assay  w as 1.7m M .
5). Effects o f  salts on the activ ities o f  tw o  N A D H -G O G A T  isoenzym es
The tw o  partially purified  N A D H -G O G A T  isoenzym es (see N .B. 
on  p ag e  155) w ere used to  study  th e  e ffec ts  o f  d iffe re n t sa lts. T w o 
isoenzym es w ere  m ixed w ith  20m M  equal v o lum e o f  d if fe re n t salts 
separately  and 2 0 0 p l o f these so lu tions  w ere then  assayed  fo r  N A D H - 
G O G A T  activities exactly the sam e as described in  M ethods. B o th  N A D H - 
G O G A T  isoenzym es were inh ib ited  by  m ost d ivalent ca tions te sted  except 
M n-14. S ingle valen t cations te sted  e ith e r  had n o  effec ts  o r  inc reased  the 
ac tiv ities o f  tw o isoenzym es.
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Table 4.7 . E ffects o f  salts on activities o f  two N A D H -G O G A T s
Salts
I n h ib i t i o n  (% )
N A D H -G O G A T  I N A D H -G O G A
N ad 4 2
LiCl 6 2
KC1 6 4
NH4CI -18 -28
CaCl2 80 72
MgCl2 86 84
MnCl2 10 8
ZnCl2 100 96
CoCl2 100 100
C om plete assay includes 50mM  H epes pH  7 .6 , 1% p -m ercap toe thano l, 
Im M  2 -oxog lu tara te , 2 .5m M  L -g lu tam in e , 0 .16m M  N A D H . The ac tiv ity  
w as 14nm ol N A D H  oxidized  m in " 1 lO O pl"1 fo r  N A D H -G O G A T  I  and 
18nmol N A D H  oxidized m in-1  lOOp.1"1 fo r  N A D H -G O G A T  n . T he final 
concentration o f  the added salts in the assay  w as 1.7mM.
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3. P roduc tion  an d  characterisation  o f  antibody
In  o rder to  produce antibodies against th e  N A D H -G O G A T  
iso en z y m es , the tw o  purified  isoenzym es (5 0 p g  o f  ea ch )  from  the last 
p u r if ic a tio n  stepC H P L C  g e l f iltra tio n  c h ro m a to g rap h y )  as described  
p rev iously  w ere in jected  into tw o  rabbits on the back  separately  every two 
w e e k s . A fte r th e  th ird  in jec tion  the  serum  w as ta k en  and tested  fo r 
a n tib o d ie s  by  the  O uch te rlony  d o u b le -d iffu s io n  and  W estern  b lo tting  
m e th o d s . N o  an tib o d ie s  cou ld  be d e tec te d  u n til th e  9 th  in jec tion . 
C onsid erin g  the am ount o f  pu rified  enzym e w as n o t enough , rats w ere 
rep laced  fo r p roducing  the antibodies. A ntibod ies w ere  n o t produced by 
ra ts  w hen native p u rified  enzym e w as used . H ow ever, a  rat produced 
an tiserum  against the purified M r  200,000 dalton polypep tide isolated from  
S D S -po lyacry lam ide  gel after the 4th injection. 1
1) S pecificity  o f  the  antiserum
T h e  specificity  o f  the  resu lting  an tibody  against purified  
N A D H -G O G A T  from  SD S-polyacrylam ide gel w as checked initially by the 
O u ch te rlony  d o u b le -d iffu s io n  techn ique. T h is  m e th o d  is  based  on the 
m ig ra tion  o f  ind iv idual m olecules through an  agarose g e l, the ir m igration 
ra te s  depending upon  the ir in itia l concentration . W hen  antibody interacts
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w ith  antigen  a  la rg e  m acrom olecu lar ag g reg a te  is fo rm ed  w hich  cannot 
d if fu s e  fu rther. T h is  p rec ip ita te  w ill p re v e n t fu rth e r d iffu s io n  o f  the 
p a rticu la r antigen involved b u t not o f  an o th er n o n -id e n tic a l antigen. Fig.
4 .1 1 . shows the reaction  o f  crude serum  raised  against the N A D H -G O G A T  
a t d iffe ren t d ilu tions  (1, 1 /2 , 1 /4 , 1 /8 ,  1 /1 6 )  w ith  root nodu le  extract in 
th e  cen tra l w ell. T h e  titer o f  an tibody is 1:8. T he o rgan  specificity  o f the 
a n tig e n  was ch e ck ed  by O uch te rlony  d o u b le  d iffusion  technique. Fig
4 .1 2 . show s the reaction  o f  crude serum  raised  against the N A D H -G O G A T  
(c en tra l well) w ith  extracts from  d iffe ren t o rgans and species. Extracts o f 
ro o t nodules from  bo th  Phaseolus vulgaris  and  soybean in teracted  with the 
an tise ru m  and p roduced  a p rec ip ita te  line  b u t the  ex trac ts  from  leaves, 
s te m s , co ty ledons and ro o ts  o f  P. vu lg a ris  d id  n o t in te ra c t w ith the 
an tiserum .
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1
Fig.4.12. Tiler of anti-NADH-GOGAT antiserum checked by Ouchterlony double 
diffusion using lO^il (0.1 mg protein and 2nmoles-min“ l) of crude nodule 
extracts (central well) and anti-NADH-GOGAT antiserum at different dilutions 
(1) 1. (2) 1 /2 , (3) 1/4. (4) 1 /8 , (5) 1 /16 .
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i
Fig.4.13. Organ-specificity of anti-NADH-GOGAT antiserum checked by
Ouchterlony double diffusion using anti-NADH-GOGAT antiserum (central 
well) and crude extracts of (1) roots, (2) root nodules of P. vulgaris, (3) stems, 
(4) cotyledons, (5) leaves, (6) root nodules o f  soybean (G lyc in e  m a x  cv  
U SD A  p r iz e  110).
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2 ) Im m unoprécipitation o f  N A D H -G O G A T  activity  w ith the antiserum
H ow ever, w hen d iffe ren t am ounts o f  antiserum  w ere incubated  w ith 
crude  extract o f  roo t n o du le s  fo llow ed  by p ro te in  A , the reco v e rie s  of 
N A D H -G O G A T  ac tiv ity  in  a ll th e  supernatan ts  w ere ab o u t 9 0 -9 5 %  
(Fig.4.14a.). W e thought tha t th is m ight be due to  rat IgG  cou ld  n o t bind 
pro te in  A  properly. R abbit a n t i- r a t  IgG  w as therefore used to  b in d  pro te in  
A  firs t fo llow ed  by reac ting  w ith  an tiserum  and  the enzym e. A fte r  the 
incubation  o f  ex trac t o f  ro o t nodu les w ith  antiserum , and rab b it a n t i- ra t  
IgG  w ith pro tein  A , separately  and tw o incubations w ere then  m ix ed  and 
incubated  on ice fo r 90m in , 90%  o f  N A D H -G O G A T  ac tiv ity  w as  still 
p resen t in  the supernatant (F ig .4 .14b.). T herefo re  the an tiserum  produced  
d id  n o t im m unoprec ip itate  N A D H -G O G A T  from  crude ex tra c t o f  root 
nodules.
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jil anti-NADH-GOGAT antiserum
Fig.4.14. Immunoprécipitation of NADH-GOGAT activity by anti-NADH-GOGAT 
antiserum a. NADH-GOGAT from crude extracts of P. vulgaris root nodules 
(8nmoles.min-l) was incubated with increasing volumes of anti-NADH- 
GOGAT antiserum and then incubated with ProteinA Sepharose b NADH- 
GOGAT front crude extracts of P. vulgaris root nodules (8nmoles.min-l) was 
incubated with antiserum.and ProteinA Sepharose was incubated with anti-rat- 
IgG separately, then two incubations were mixed and incubated. Each incubation 
was for 90 min.The solutions from a.and b-were centrifuged and NADH-GOGAT 
activities were assayed in the supernatents.
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3) Identification  o f  the  antiserum  by  W estern  blo tting
C haracterisa tion  o f  an tiserum  raised against N A D H -G O G A T  was 
a lso  determ ined  b y  "W este rn "  b lo t tin g  techn ique. T he crude extract of 
N A D H -G O G A T  and  the partially  p u rif ied  tw o  isoenzym es w ere run on a 
10%  S D S -p o ly a c ry la m id e  g e l a n d  th e  p ro te in s  w ere  b lo tted  onto  a 
n itrocellu lose f il te r  as described  in M ate ria ls  and M ethods 13.3. T he filters 
w ere incubated  overn ig h t w ith an tise rum  and subsequently  incubated with 
[125j]_ p ro te in  A  fo r  3h befo re ex p o su re  to  X -ra y  film . From  the result o f 
au to rad iog raphy  (F ig .4 .15 .), it  co u ld  be seen  tha t the  antiserum  reacted 
w ith  M r 2 0 0 ,0 0 0  p ro te in  b ands  f ro m  p u rif ie d  tw o  N A D H -G O G A T  
isoenzym es (track  2  and  3), crude ex trac ts  o f  soybean  root nodules (track 
1) and P. vulgaris  ro o t nodules (track4).
4 ) O rgan specificity  o f  N A D H -G O G A T
O rg an  sp ec ific ity  o f  N A D H -G O G A T  w as a lso  checked 
by”W estern" b lo ttin g . F ig .4 .16 . has sh o w n  that th e  antiserum  reacted with 
M r  200,000 p ro te in  bands  from  p u rified  N A D H -G O G A T  tw o isoenzymes 
(track  P I  and P 2 ), crude  extract o f  ro o t nodules o f  P.vulgaris  (track Cr). A  
sm ear around  M r 200 ,000  daltons co u ld  be seen from  crude extract o f  roots 
b u t no d iscre te  b an d  and there w as a  hybrid izing  band  from  track o f  leaves 
w hich  w as M r 140,000. There w as n o  hybrid iz ing  band from  crude extract 
o f  stem s (track  S).
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Fig 4.15.Westem blotting result of checking anti-NADH-GOGAT antibody with
samples of 1. crude extract of soybean root nodules (60pg) 2.purified NADH- 
GOGAT II(2pg), 3. purified NADH-GOGATI (0.5pg), 4. crude nodule extract 
of P. vulgaris (60p.g) and molecular markers (M): myosin (Mr 200,000), 
P-galactosidase (Mr 116,200), phosphorylase B (Mr 92,000), bovine serum 
albumin (Mf 66,200)
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Fig 4.16.Western blotting result of checking NADH-GOGAT organ-specificity with 
samples of crude extract of L: leaves(lOOpg), S: stems(90pg), R: roots(lOOpg) 
Cr: nodules(lOOpg) and P2: purified NADH-GOGAT II(2pg) and PI: NADH 
-GOGAT I(0.5pg) of P. vulgaris and molecular markers (M): myosin (Mr 
200,000), p-galactosidase (Mr 116.200), phosphorylase B (Mr 92,000). bovine 
serum albumin (Mr 66,200)
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4.3.D iscussion
Both tw o  N A D H -G O G A T  isoenzym es w ere  unstab le  at room 
te m p era tu re  and low  tem pera tu re ; esp ec ia lly  N A D H -G O G A T  I w as 
ex trem ely  unstable com pared  to  N A D H -G O G A T  II. It is very  im portant 
that the purification  has  to  be carried out as q u ick ly  as possib le  in  cold 
room  a s  w ell as inc lu d in g  stabilizers in  the  b u ffe rs . H ow ever, H PLC 
chrom atography has to  b e  carried  out at room  tem peratu re  to  prevent the 
colum n being  dam aged and the fractions w ere p laced  on  the ice im m ediately 
after e lu tion  from  the colum n. M ost divalent ca tions tested  cou ld  inhibit the 
ac tiv ities o f  both tw o  isoenzym es, thus ED TA  w as essen tial fo r  stabilizing 
the ac tiv ities o f the tw o isoenzym es. T he tw o N A D H -G O G A T  isoenzym es 
w ere p u rified  to apparent hom ogeneity, a t the end  o f  purification  checking 
by S D S -po lyacry lam ide gel. The specific activity o f  both  N A D H -G O G A T  
iso en zy m es  from  P .v u lg a r is  w ere low  in th is  s tudy  com pared  to the 
specific  activ ity  o f  pu rified  N A D H -G O G A T  from  lupin  nodu les (Boland 
and B enny  , 1977) and  a lfa lfa  nodules (A nderson e t  al. 1988) but h igher 
than  th a t reported  b y  A w onaike  from  the  sam e species  (1981). T he 
d iffe rences  in. specific ac tiv ities could be due to  d iffe ren t species and the 
purity . T h e  specific ac tiv ity  o f  N A D H -G O G A T  II w as over tw o  fo ld  o f 
that o f  N A D H -G O G A T  I. It could suggest that N A D H -G O G A T  II w as a 
m ore e ff ic ien t form  in root nodules assim ilating am m onium  com pared  to 
N A D H -G O G A T  I. I t shou ld  be poin ted  o u t th a t the  pH  op tim a were
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m easured  a fte r  th e  tw o  isoenzym es w ere d iscovered  and purified . In  all 
expe rim en ts  in  th is  w ork , the b u ffe r  used  w as pH  7 .6 , fo llow ing  the 
cond itions  o f  p u rif ic a tio n  on N A D H -G O G A T  fro m  lupin  ro o t nodu les 
(B o land  and B en n y , 1977). T herefo re  the ac tiv ities  o f  both  isoenzym es 
especially  fo r N A D H -G O G A T  II w ere slightly underestim ated in  our w ork.
U sing com bined  H PLC gel filtration  and S D S -P A G E  m ethods, the 
m olecular w eights o f  tw o  N A D H -G O G A T  isoenzym es w ere determ ined to 
be abou t 200,000 m onom eric  polypeptides. This resu lt w as sim ilar to  the 
m olecu lar w eight de term ined  fo r o th e r species ( B oland and Benny 1977, 
A w onaike 1981, A nderson  et al. in  p ress, C u llim ore  and  S im s 1981). In 
all these w ork, N A D H -G O G A T s w ere  reported to  be  m onom eric proteins.
K inetic p roperties fo r tw o  isoenzym es from  P. vulgaris  w ere 
sim ilar to  those fo r  N A D H -G O G A T s from  o th e r h ig h e r p lants. N A D H - 
G O G A T s are sp ec ific  fo r  the ir substrates and on ly  one o r tw o  N A D H - 
G O G A Ts from  h ig h e r plants can  a lso  use N A D PH  as  co fac to r (table 4 .4 .). 
N A D H -G O G A T  II  h ad  h igher a ffin ities  fo r g lu tam ine and N A D H , b u t a 
low er affin ity  fo r  2 -o x o g lu ta ra te  w hen  com pared  to  the co rrespond ing  
a ffin itie s  fo r these  substra tes o f  N A D H -G O G A T  I. It can  be seen  tha t 
N A D H -G O G A T s in  h igher plants h ave  apparent K m  values fo r N A D H  
be tw een  1.3 to  1 3 |iM , fo r g lu tam in e  from  2 40  to  l,1 0 0 p M , f o r  2 -  
oxog lu tarate  from  2 2  to  64pM  (tab le  4 .4 .). A ll the  enzym es from  h ighe r 
plants inc lud ing  P .vu lgaris , have h ig h e r affin ity  fo r  cofactor N A D H  and 
the en z y m e  a ffin ity  fo r  glu tam ine is  genera lly  lo w er than  th a t fo r  2 -  
oxoglu tarate. It co u ld  suggest that N A D H -G O G A T s m ay  have a  sim ilar
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k ine tic  m echan ism  in  h ig h e r  p lants. A lthough  the  pH  o p tim a  show n in 
T ab le 4.4. varied  w ith  d iffe ren t species, they ranged betw een 7 and 9. Tw o 
N A D H -G O G A T  iso en zy m es  had  d iffe ren t p H  op tim um  (F ig .4 .10 .), it  
suggests tha t they m igh t h ave  d ifferent locations.
In jection  w ith  native purified  N A D H -G O G A T  to  both rabbits 
and rats d id  n o t p roduce antiserum . It could be explained e ither the protein 
in jected  w as n o t an tigen ic  o r  native N A D H -G O G A T  w as degraded soon 
a fte r  in jec ted  in to  the  an im als  because o f  th e  in s tab ility . H ow ever, an 
an tibody ra ised  aga in st pu rified  native N A D H -G O G A T  from  alfa lfa  w as 
reported  recen tly  (A nderson  c t al. in p ress) an d  recognized specifically
200.000 bands from  ro o t nodules o f  several o th e r legum es. T he antiserum  
produced  in  th is  w ork  w as against purified  N A D H -G O G A T  from  S D S - 
p o ly acry lam id c  g el. A n tise ru m  cou ld  c ro ss reac t w ith  n o t on ly  crude  
extracts o f  roo t nodu les  fro m  P. vulgaris  b u t a lso  from  soybean tested  by 
O uchterlony d iffu s io n  m e thod . C rude ex trac ts  from  o ther organs d id  not 
crossreact w ith  antiserum , suggesting that an tiserum  specifically  recognized 
pro te ins fro m  ro o t n o d u le s . F urtherm ore, an tiserum  reac ted  w ith  M r  o f
200.000 po lypep tide s  fro m  crude extract o f  ro o t nodules from  P. vulgaris 
and  soybean and  pu rified  tw o  N A D H -G O G A T  w hen checking  by W estern 
blo tting  (F ig .4 .14 .), w h ich  indicated  that the antiserum  produced w as a n ti-  
N A D H -G O G A T  a n tib o d y . T h e  W estern  b lo ttin g  m e th o d s w as m ore 
sensitive than  O uch te rlony  double d iffusion  technique. T h e  sm ear around 
M r 200 ,000  in  th e  track  o f  roots could  be very  low  am o u n t o f  N A D H -
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G O G A T  p resen t in roo ts b u t w as n o t detectable by  O uchterlony double 
d iffu s ion . T he hybrid izing  band ab o u t M r  140,000 in the track o f  leaves 
m ight b e  a  contam inating pro te in  in jec ted  in to  rats w hich is also expressed 
in  the  le aves , £ u t the size  o f  th is  b and  agreed close ly  w ith  M r  o f  F d -  
G O G A T . W he ther the an tiserum  ra ised  against N A D H -G O G A T  from  
P. vu lgaris  could  also  recogn ize F d -G O G A T  o r the size o f  the im purity  
w as co in c id en ta lly  the  sam e as  th a t o f  F d -G O G A T  w as uncerta in . 
H ow ever, no  such band  w as seen  w hen  antiserum  raised against N A D H - 
G O G A T  from  alfalfa  w as used fo r W estern  blotting (A nderson e t  aJ. 1988). 
F urtherm ore , the an tiserum  ra ised  aga inst F d -G O G A T  from  rice leaves 
could  n o t recognize N A D H -G O G A T  (Suzuki etaL  1982). Several reports 
have show n that F d -G O G A T  and N A D H —G OG A T are tw o different proteins 
(S uzuk i and G adal, 1984). T h e  an tiserum  d id  n o t im m unoprecip itate 
N A D H -G O G A T  from  the  crude ex trac t o f  root nodules. This m ight be due 
to  the antiserum  raised against denatured  protein from  SDS-polyacrylam ide* 
gel fa ilin g  to  recognize the native enzym e. It m ight work if  the antiserum  
w as in cu b a ted  w ith  dena tu red  cru d e  ex trac t rather than native enzym e 
fo llow ed  by  precipitation w ith  p ro te in  A. The pellet should then be treated 
by triton  and run on S D S -po lyacry lam ide  gel; a  M r  o f  200,000 dalton band 
should b e  visible.
Chapter 5
Localization of the Two NADH-GOGAT 
Isoenzymes of Phaseolus vulgaris L.
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5. ^ In tro d u c tio n
A  lo t o f  enzym es are involved in  am m on ia  assim ilatory  pathw ays 
and co n s id e rab le  w ork  has  been  done on the  su b ce llu la r localizations o f  
these  enzym es. S ince iso la ted  bac tero id s  ex c re te  N H 4 +  (B ergersen and 
T u rn e r 1967), R obertson  e t  a /.(1975a) suggested  th a t N H 4+  is excre ted  to  
the h o s t ce ll cy toplasm  and  is incorporated  into g lu tam ine and glutam ate via 
the  com bined  activity  o f  G S  and G O G A T . S everal reports  have show n that 
the  m a jo rity  o f  G S is  located  in the  cy to so l w h ile  N A D H -G O G A T  exists 
m ain ly  in  the  p lastids (A w onaike e t  al. 1981, B o land  e t al. 1982, Shelp  and 
A tk in s  1984 , S h e lp  e t  a l. 1983). T h u s  a l th o u g h  N H 4 + is f irs tly  
inco rp o ra ted  in to  g lu tam ine  by  the fun c tio n  o f  G S  in  the  cytosol o f  p lant 
ce lls  o f  ro o t nodu le s, th e  second  reac tion  in  th e  "G lu ta m a te  S y n th ase  
C y c le"  (g lu tam ine  +  2 -o x o g lu ta ra te  v ia  th e  ac tiv ity  o f  G O G A T to  form  
g lu tam a te ) m igh t be ca rried  o u t in  the p lastid s. A  m o d e l fo r the pathw ay 
and  su b ce llu la r lo ca liza tio n  o f  am ide  syn thesis  and  u re id e  b iogenesis in 
n o d u le s  o f  u re id e -p ro d u c in g  legum es h as  b ee n  p ro p o sed  by S chubert 
(1986 ). In  th is m ode l, th e  author p roposed  tha t the  f ir s t  reac tion  involved 
in  "G lu tam ate Syn thase C ycle" occurred  in  the  cy top lasm  o f  the nodule and 
g lu ta m in e  p roduced  w as then  tran spo rted  in to  th e  p la stid s  and p la s tid -  
located  N A D H -G O G A T  catalyzed the transam idation  o f  glutam ine am ido- 
n itro g en  to  the  a - a m in o  position  o f  2 -o x o g lu ta ra te  to  fo rm  tw o m oles o f
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glutam ate. O ne m ole  o f  g lu tam a te  produced w as transported back  to  the 
cytoplasm  fo r  th e  prov ision  o f  substrate  o f  G S . T he other g lu tam ate was 
u sed  to  sy n th es iz e  o th e r n itro g e n -c o n ta in in g  com pounds. S in ce  two 
N A D H -G O G A T  isoenzym es h av e  been iden tified  and separated  in  our 
expe rim en ts, i t  is  im p o rtan t to  de term ine  th e  location  o f  th e se  tw o 
is& enzym es an d  hence the  lo ca liza tio n  o f  th e  second reac tio n  in  the 
"G lutam ate S ynthase Cycle".
In  th is  C hap ter, sucro se  gradient cen trifugation  fo llow ing  the 
m ethod  describ ed  by B o lan d  e t  al. (1982) h a s  been  u sed  to  separate 
organelles and to  study the location  o f  N A D H -G O G A T . A  rap id  isolation 
o f  p lastids d e sc rib ed  by  B o la n d  and  S chubert (1982) w as adop ted  to 
determ ine  th e  s u b c e llu la r  lo c a lisa tio n  o f  th e  tw o  N A D H -G O G A T  
isoenzymes.
5.2 .Results
1. Separation o f  organelles from  roo t nodules on sucrose 
gradients and determ ination o f the subcellular localization of 
NADH-GOGAT activity
Fresh ly  p ick ed  nodules w ere  very gentle pressed  and b roken  in a 
O.SM sucrose  co n ta in in g  b u f fe r  in  o rder to  iso la te  and m a in ta in  the 
in teg rity  o f  th e  organelles. T h e  ex tracted  c ru d e  organelle  so lu tion  was
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lo a d ed  on  con tinuous su c ro se  g rad ien ts  a s  described  in  M ethods. In  
add ition  to  the plant cy tosol po rtion  w ith  the  characteristic leghaem oglobin, 
th ree  d is tin c t bands w ere v is ib le  a fte r  cen trifugation . T he separa tion  o f 
o rg a n e l le s  w as in d ic a te d  b y  th e  m a rk e r  enzym es, fu m a ra se  fo r  
m i to c h o n d r ia ,  t r io s e p h o s p h a te  i s o m e ra s e  o r  p h o s p h o g ly c e ra te  
d ehyd rogenase  fo r  p lastid s an d  (3 -h y d ro x y b u ty ra te  deh y d ro g en ase  fo r 
bac te ro id s . T hese  o rganelles  w ere  found  a t  densities o f  1.17, 1.21 and 
1 .2 3 g /m l respectively . F ig  5.1 show s the d istribu tion  o f  m arker enzym es 
fo r  the th ree  organelles and  N A D H -G O G A T  o f  P .vulgaris  ro o t nodules 
fo llow ing  sucrose density  g rad ien t cen trifugation . It can  be seen from  the 
figure  tha t a lot o f  ac tiv ity  o f  triosephospha te  isom erase (about 60% ) from  
plastids w as present in  the c y to so l frac tions , th is  is h igher than the  value 
ob ta ined  by  A w onaike (1981), suggesting  m u c h  m ore breakage o f  plastids 
in  th is experim ent. F ractions fro m  the  sucro se  gradients w ere assayed  fo r 
ac tiv ity  o f  N A D H -G O G A T . T h e  m a jo rity  o f  N A D H -G O G A T  ac tiv ity  
(65% ) w as found  in  the  c y to so l frac tio n s . G O G A T  ac tiv ity  decreased  
g rad u a lly  as the sucrose d en s ity  inc reased  u n til the activ ity  o f  N A D H - 
G O G A T  could  not be d etec ted  in  fractions o f  about l . l l g / m l  o f  sucrose. 
G O G A T  ac tiv ity  w as n o t d e te c ta b le  in  th e  fractions asso c ia ted  w ith  
m itochond ria  fractions betw een  1.15 and  1 .1 8 g /m l of sucrose. T here w as a 
d e fin ite  ac tiv ity  peak associa ted  w ith  p la stid s  (20% ) in fractions betw een 
1.19  an d  1.23 g /m l o f  sucro se  and 8%  o f  to ta l  activity w as o bserved  in 
frac tions  betw een 1.22 and 1 .2 5 g /m l o f  sucro se , which w as an overlap  o f 
p lastid s and  bactero ids. p -h y d ro x y b u ty ra te  dehydrogenase ac tiv ity  was
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o n ly  de tec ta b le  a f te r  u ltraso n ic  s o n ic a tio n  o f  th e se  la tte r  frac tions . 
H ow ever, N A D H -G O G A T  activity  w as not inc reased  in  these fraction after 
sonication; this suggested  that N A D H -G O G A T  in  th e se  fractions was from  
th e  p la stid s . Y et, i t  w as d ifficu lt to  te ll w h ich  isoenzym e o f  N A D H - 
G O G A T  was p lastid  located because th e  low  recove ry  o f  N A D H -G O G A T  
in  the p lastid  fractions m ade it im possib le  to  run  th is  ac tiv ity  on the H PLC 
co lum n to  determ ine w hich isoenzym e w as present.
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F ig .3 .1 . Separation of organelle« from root nodule« by «ucroie denlity gradient 
centrifugation
The distribution of mariecr enzymes for mitochondria, plastids, and bacteroids
and NADH-GOGAT of P.vuIgMris root nodules. -------- triosephosphate
isomerase (for plastids, x 0.2), x— x fumarase (for mitochondria), ♦— ♦ P- 
hydroxybutyrate dehydrogenase (for bacteroids) A— A NADH-GOGAT activity.
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2. Isolation o f plastid  from root nodules and determination of 
the plastid location o f the two NADH-GOGAT isoenzymes.
A  m ethod  fo r  rap id  p reparation  o f  p lastids reported  by B oland 
and S chubert (1983b ) w as  adop ted  to  confirm  th e  p la s tid  location  o f  
N A D H -G O G A T  and to  determ ine  w hich  isoenzym e w as p resen t in th is 
frac tion . E x trem e ca re  w as  taken  to  avo id  p la s tid s  b reak ag e  du rin g  
extraction as described  in  M ethods. N odule extract w as spun  dow n at 1,000 
rpm  fo r 4m in  to  get rid  o f  the debris and bacteroids. T h e  suspension from  
the top o f  the cen trifuge  tube  w as loaded on to  the d iscon tinuous sucrose 
gradients. T he p lastids w ere  separated by  centrifuging fo r  30m in at 145,000 
x  g. F ig .5.2. show s the  tu b e  afte r  centrifugation . T h e  m a jo r band is the 
p lastids band . T here w as m itochondria  con tam ination , accord ing  to  the  
report by B oland  and S chubert (1983b), below  the p in k  cytosolic  fraction  
after d iscon tinuous sucro se  gradient cen trifugation , in  the p lastids band. 
T he pink supem aten t w as taken  o ff  by p ipette  and the  m ilk like plastid band 
w as carefu lly  taken th ro u g h  the tube w ith  a  syringe. T h e  p lastids frac tion  
w as p repared  fo r  running  H PL C  colum n by treating w ith  triton X -1 0 0  to  a  
final concentration o f  0.1 %  and filtering through a  0 .2 p m  filter.
F ig .5 .3A  and  F ig .5 .4B . show  the  ac tiv ity  p ro files  from  H PL C  
ion-exchange colum n fo r  G S  and N A D H -G O G A T  fro m  crude extracts o f  
root noules o f  P. vulgaris. I t can  be seen from  F ig .5 .3 .A . that the m ost G S
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activ ity  w as e lu ted  fro m  the sev e ra l f irs t frac tio n s  w h ich  is  th e  usual 
elution position  o f  isoenzym es con ta in ing  the y -po ly p ep tid e  o f  G S , located 
in  the cy to so l o f ro o t nodu les. T h e re  w as ano ther h ig h e r G S  ac tiv ity  peak 
eluted betw een  0 .35  and  0 .38M  [ KC1 1 w h ich  con ta ined  the m ix tu re  o f  y  
and p -p o ly p e p tid e  o f  G S . The sm all G S  ac tiv ity  p ea k  e lu ted  b efo re  this 
peak w as m ixture o f  y ,  p , and a  po lypep tides o f  G S. T h e  fina l sm all peak 
has been  shown to  b e  com posed o f  the  p lastid ic  S polypep tides (C ullim ore 
and B en n e tt 1988). T w o  N A D H -G O G A T  ac tiv ity  isoenzym es w ere  eluted 
from  the  crude nodu le  ex trac t (F ig .5 .4A ). T h e  activ ity  o f  N A D H -G O G A T  
II w as tw ice  that o f  N A D H -G O G A T  I  in  the crude  ex trac t o f  ro o t nodules. 
F ig 5 .3 B . and F ig  5 .4B . show  th e  ac tiv ity  p ro file s  fro m  H P L C  io n -  
exchange colum n fo r  G S  and tw o  isoenzym es o f  N A D H -G O G A T  from  the 
crude organelle  e x tra c t o f  ro o t n o d u le s  b e fo re  load ing  on  th e  sucrose 
g radients. In  inner cen tra l ce lls  o f  ro o t nodu le s, G S  ac tiv ity  w as found  to 
be m a in ly  y -po ly p ep tid e . T he re  w as ano ther sm all b u t b road  G S  activity  
peak w h ich  is com posed  o f  m ix tu res  o f  y ,  p  and  a  cy toso lic  subun its  o f  GS. 
The f in a l small p ea k  w as p la stid ic  S p o lypep tides. F ig . 5 .4B  show s that 
there w e re  tw o ac tiv ity  peaks o f  N A D H -G O G A T  in  the  cru d e  organelle 
extract. T h e  ratio o f  ac tiv ity  o f  N A D H -G O G A T  II : N A D H -G O G A T  I was 
about 3 :1 , higher th a n  the ratio  fo r  N A D H -G O G A T  II  : N A D H -G O G A T  I 
(about 2 :1 ) shown in  F ig  5.3A . T h is  suggested  tha t N A D H -G O G A T  I  was 
not recovered  com pletely  from  the  inner cen tra l ce lls  o f  roo t nodu le s. Fig 
5.3C  an d  Fig 5.4C . show  the ac tiv ity  p ro files  fro m  H PL C  io n -e x ch an g e  
colum n fo r  GS and N A D H -G O G A T  from  plastid  fraction. G S  activ ity  was
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detected  in  p lastid  fraction  and elu ted  from  H P L C  ion -exchange  colum n in 
th e  position corresponding to  the  isoenzym e com posed o f  5  subunit w hich 
is  p la stid - located . The low  activ ity  o f  cy to so lic  G S w as a lso  detected in  
f i r s t  several frac tion  from  the  co lum n. R eco v ery  o f  p lastid  GS in  this 
f rac tio n  w as ab o u t 49 .5%  w h ils t c y to so lic  G S  w as abou t 5.9%  w hen 
com pared  to  G S in  the supem aten t fraction . B o th  o f  tw o N A D H -G O G A T  
isoenzym es w ere  elu ted  fro m  H PL C  io n -e x c h a n g e  chrom otography  o f 
p la s tid  frac tion  b u t the ra tio  o f  activ ity  o f  N A D H -G O G A T  II: N A D H - 
G O G A T  I  (about 6:1) w as m u ch  h ighe r than  tha t show n in  F ig.5.4A . fo r 
n o rm a l ex tract o f  root nodules. The recoveries o f  plastid G S, plastid m arker 
enzym e phosphoglycerate dehydrogenase and N A D H -G O G A T  I  w ere about 
th e  sam e, a round  50% , y e t th e  recovery  o f  N A D H -G O G A T  II in  this 
frac tion  w as abou t 75% (T able 5.1.). F ig  5 .3D . and 5.4D . show  the activity  
p ro f ile s  f o r  G S  and  N A D H -G O G A T  fro m  H P L C  io n -e x c h a n g e  
chrom atography  o f  supernatan t fraction  o f  th e  gradients. T he m ajority  o f 
ac tiv ity  o f  G S w as elu ted  from  the first sev era l fractions and a  very sm all 
G S  activity peak  w as eluted from  the co lum n  in  the position  o f  G S -8 . Both 
N A D H -G O G A T  isoenzym e activ ities w ere  ob ta ined  from  the supernatant, 
th e  ratio  o f  N A D H -G O G A T  I I : N A D H -G O G A T  I w as about 1.5:1.
Fig-5.2. Rapid isolation of plastids by sucrose step gradient centrifugation. The sharp
band below the pink cytosol fraction is plastid band, it was milk-white in colour 
not as pink as shown in this picture.
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Fig.5.3. The elution profiles of GS activity from HPLC ion-exchange chromatography 
from: A. crude extract o f root nodules, B. crude extract of organelles, C. 
plastids from sucrose step gradient centrifugation, D. supematent from sucrose 
step gradient centrifugation
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Fig.5.4. The elution proflies of NADH-GOGAT activity from HPLC ion-exchange 
chromatography from:
A. crude extract of root nodules. B. crude extract of organelles. C. plastids from 
sucrose step gradient centrifugation. D. supernatant from sucrose step gradient 
centrifugation
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T he recoveries o f  p la s t id  G S , N A D H -G O G A T  tw o  isoenzym es 
(a f te r  H P L C  io n -e x c h a n g e  c h ro m a to g ra p h y )  and  m a rk e r  enzym e 
p h o sp h o g ly ce ra te  d e h y d ro g e n a se  a c tiv itie s  fro m  p la s tid  f rac tio n  in  
com parison  w ith  the  cy toso l f ra c t io n  from  s te p  gradient centrifugation  o f 
extract o f  inner con ica l ce lls o f  ro o t nodules is  show n in T able 5.1. Plastid 
G S, m arker enzym e PG D H  a n d  N A f> H -G O G A T  I have abou t the same 
recovery and N A D H -G O G A T  13 has  m uch h ig h e r  recovery w hen com pared 
to  the activities o f  these en z y m es  in  the supem aten t.
T able 5 .1 . R ecovery  o f  enzym es in  p las tid  frac tion
E n zy m e P e rc e n ta g e  o f  to ta l a c tiv ity 1 (% )
N A D H -G O G A T  I 42
N A D H -G O G A T  II 75
G S  (plastid) 50
P G D H 2 45
N B.
l.to tal activity includes ac tiv ities  from  supernatant and plastid  
2 PGD H : phosphog lycera te  dehydrogenase
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3. D e te rm in a tio n  o f  th e  a c tiv ity  o f  th e  tw o N A D H -G O G A T  
isoenzym es in the  outer cortex
T he activ ity  o f  N A D H -G O G A T  I  com pared to  the ac tiv ity  o f 
N A D H -G O G A T  II in  inner central ce lls  w a s  very low. T h is  suggested that 
N A D H -G O G A T  I could  be in  the o u te rc o rte x  and it w as  discovered  that 
N A D H -G O G A T  ac tiv ity  w as p re sen t i n  th is part o f  th e  nodu les  w ith  
specific ac tiv ity  o f  7 n m o le s .m in - l .m g - l  p ro te in .T h e  ou te r cortex ex trac t 
was prepared  by pressing  the  nodule w ith  a  spatula in ex traction  b u ffe r and 
w ashing the outercortex debris several t im e s  w ith ic e -co ld  extraction buffer 
con ta in ing  PM SF and D T T  until w h ite . T h is  debris w as  then g round  to 
com pletion  with cold extraction  buffer in  a  m ortar and pestle . The ex trac t o f 
ou tercortex  was run on the H PL C  io n -e x c h a n g e  colum n and  the frac tions  
w ere assayed fo r G S and  N A D H -G O G A T  activity. F ig. 5 .5 a  and b . show  
the ac tiv ity  elu tion  pro files fo r GS an d  N A D H -G O G A T  tw o  isoenzym es 
from  norm al crude nodule extract and  o u te r  cortex ex trac t. C om paring  the 
ratio  o f  tw o  isoenzym es in  nodule c ru d e  ex trac t and o u te r  cortex ex trac t, 
N A D H -G O G A T  I  w as the  m ajo r fo rm  in  the outer co rtex  (67% ), w h ils t 
N A D H -G O G A T  II was the  m ajor one  in  th e  crude ex trac t o f  root nodules. 
It is surprizing  tha t the ac tiv ity  o f  G S  w a s  eluted from  the  first sev era l 
fractions correponding to  nodule specific  G S , y-po lypep tide . There w as no 
o ther ac tiv ity  peak o f  G S detected f ro m  the eluted fractions. T h e  ratio
o f  tw o  isoenzym es o f  N A D H -G O G A T  in  d iffe re n t ex tracts o f  root nodules 
w as d ifferent (T ab le 5 .2 .). w h ich  could  give h in ts  fo r  the locations o f  two 
N A D H -G O G A T  isoenzym es.
G
S 
ac
tiv
ity
 O
im
ol
-m
in
-1
-f
ra
ct
io
n-
1*
 1
0"
 
) 
N
A
D
H
-G
O
G
A
T
 i
ct
iv
it
y 
(n
m
ol
-m
in
-1
-2
00
(1
1-
')
-187-
Fig.5.5. Activity profiles of HPLC ion-exchange chromatography for GS (A— A) and
NADH-GOGAT ( • -----• )  from a. crude extract of root nodules
b.outercortex of root nodules of P.vulgaris
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T a b le  5 .2 .  A comparison of the activity ratio o f two isoenzymes 
o f  N A D H -G O G A T in d ifferen t extracts o f ro o t n o du les of 
P. vulgaris
E x trac t
C ru d e  ex trac t 
o f  ro o t nodules
C ru d e  ex trac t 
o f  o rganelles
P la s tid s
S u p em a ten t
N A D H -G O G A T  I
1
1
1
1
N A D H -G O G A T  E 
2
3
6
1.5
O u te r  co rtex 1 0.5
4. W estern blotting of GS from different organelle fractions
G S ac tiv ity  was obtained from  plastids isolated and  w as eluted at 
the G S -S  su b u n it position  from  H PL C  co lum n. P las tid -loca ted  GS can  also 
be detec ted  b y  W e ste rn  b lo tting  4rith G S  an tibod ies. P lastid  GS subunits 
h ave  a  h ig h e r  M r  th a n  n o d u le  c y to s o l ic  G S  su b u n its  on S D S -  
polyacry lam ide g e l  besides it w as elu ted  o ff  la ter from  H PL C  ion-exchange 
colum n than  o th e r  polypeptides o f  G S (B ennett, personal com m unication.). 
T he c ru d e  n o d u le  ex trac t, c rude  o rg an e lle  ex trac t, o u te rco rtex  ex trac t, 
p lastid  f ra c t io n  a n d  the p la stid  G S  frac tio n  from  H PL C  io n -e x ch an g e  
colum n w ere  W e ste rn  blotted onto  n itrocellu lose filte r and  incubated  w ith  
G S an tise ru m  fo llo w e d  by detection  w ith  a  p e ro x id ase-lin k e d  system  as 
described  in  M ethods.
F ig .5 .6 . show s the resu lt o f  W estern  b lo t o f  G S from  d iffe ren t 
organelle  f ra c tio n s . G S from  the H PL C  io n -e x ch an g e  chrom atography o f  
p la s tid  f r a c t io n  g av e  a s in g le  b an d  w h ich  w as in  the  position  o f  5 
po lypep tide  o f  G S  (track 3, very  fa in t) b u t no  bands w ere apparent fo r the  
p la s tid  f ra c t io n  sam ple iso la ted  fro m  the  sucro se  g rad ien ts. I t 
m igh t be d u e  to  th e  degradation  o f  p lastid  G S  during  storage o f  the crude 
p lastid s a t - 8 0 ° C  fo r  a  w eek. G S  from  crude organelles ex trac t and crude  
n odu le  ex tra c t g a v e  tw o  bands w hich  w ere  y  and  P po lypep tides o f  G S  
(track 1 and  2). G S  from  the ou te r co rtex  gave a band m ain ly  com posed 
o f  y  p o ly p e p tid e  o f  G S (track 5).
-1 90 -
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Fig.5.6. Western blotting of GS from different organelles of root nodules of P. vulgaris 
GS from Track 1: extract of root nodules,Track2: crude extract of organelles from 
root nodules ,Track3: plastids from HPLC ion-exchange column Track4: 
plastids from sucrose step gradient centrifugation Track5: extract of outer cortex 
of root nodules.
191
5.3. Discussion
T he sucrose g rad ien t cen trifugation  resu lted  in the  separation  o f  
m ito ch o n d ria , p la stid s  an d  b ac te ro id  frac tio n s  as ind ica ted  by m a rk e r 
enzym es (F ig 5 .1 .). N A D H -G O G A T  ac tiv ity  w as found in  in b o th  th e  
cy to so l and  p lastid  frac tions . A  p lastid  location  o f  N A D H -G O G A T  from  
P haseolus vulgaris  w as th e re fo re  confirm ed b y  th is  study and has already 
been reported  by  A w onaike  e t al. from  P .vu lgaris  (1981) and by Suzuk i e t  
a l. from  soybean ro o t tissu e  (1984b). T he d istribu tion  o f  N A D H -G O G A T  
from  th is  study w as sim ilar to  tha t from  soybean  root nodules reported  by  
B o la n d  e t  al. (1982 ). T h e  m a jo rity  o f  N A D H -G O G A T  ac tiv ity  w as 
recove red  in  the cy to so l frac tio n s  alon£ w ith  th e  p lastid  m arker enzym e 
tr io sephospha te  iso m erase , suggesting  b reak ag e  o f  the p lastids occurred  
during  extraction  o f  cru d e  o rganelles from  the  nodules. H ow ever w e could  
n o t exc lude  the possib ility  o f  som e cytosolic  location  o f  N A D H -G O G A T . 
T h e  low  activity  o f  N A D H -G O G A T  in  bac tero id s  fraction  w as due to  the  
con tam ination  o f p lastids, b ec au se  the ac tiv ity  o f  N A D H -G O G A T  w as not 
inc reased  after son ica tion  an d  centrifugation; th is  has also been  reported by 
A w ona ike  e ta l. (1981).
P lastids iso la ted  b y  rap id  iso la tion  m e thod  w as satisfactory  fo r  
id en tifica tion  o f  the lo c a lisa tio n  o f  the tw o  N A D H -G O G A T  isoenzym es.
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A lthough there  w as a con tam ination  b y  m itochondria , it has been show n in 
F ig.5.1. tha t N A D H -G O G A T  ac tiv ity  w as n o t detected  in the m itochondria 
frac tion  and n o  evidence from  o th e r  w orkers has suggested a m itochondria 
associa ted  N A D H -G O G A T . 4 9 %  o f  G S-Ô , 45%  o f  PGDH and only 6%  of 
cy to so lic  G S  ac tiv ities w ere reco v e red  from  th is fraction w hen com pared 
w ith  the ac tiv ities  o f  these en z y m es  from  supem aten t. This indicates that 
the frac tion  iso la ted  from  rapid su c ro se  g rad ien t centrifugation did contain 
p lastids and h ad  only a  low  c o n tam in a tio n  o f  the  cytosol. Both N A D H - 
G O G A T  isoenzym e activities w e re  ob ta ined  in  the  plastid fraction w hich 
could  suggest th a t both N A D H -G O G A T  isoenzym es are located in plastids 
o f  inner c e n tra l ce lls  o f  roo t n o d u le s . F rom  T ab le  5.2. by com paring the 
ratio  o f  tw o  isoenzym es o f  N A D H -G O G A T  in  d ifferen t extracts, it could 
suggest d iffe re n t ce llu lar lo c a tio n s  o f  the tw o  isoenzym es. The ra tio  o f 
N A D H -G O G A T  II : N A D H -G O G A T  I w as h ig h e r in plastid fraction  of 
in n e r ce n tra l c e lls  o f  n o d u le s  th a n  in  c ru d e  ex trac t o f  nodu les. This 
suggests  th a t N A D H -G O G A T  I  w a s  n o t recove red  com pletely  and is 
perhaps p resen t in  ou te rco rtex  c e lls  o f  the  nodu les. The data obtained from 
d e term ination  o f  the activ ity  o f  th e  tw o  N A D H -G O G A T  isoenzym es in 
ou te rcortex  has confirm ed  th is su ggestion . T he ra tio  o f  N A D H -G O G A T  II 
: N A D H -G O G A T  I  w as m u ch  h ig h e r  in  p lastid s o f  inner central ce lls of 
nodu les, th is -suggests tha t N A D H -G O G A T  II is m ainly  located in  plastids 
o f  in n e r cen tra l ce lls  w hilst o n ly  a  sm all po rtion  o f  N A D H -G O G A T  I is 
p robab ly  p re sen t in  this part. T h e  ra t io  o f  N A D H -G O G A T  II : N A D H - 
G O G A T  I  w as found  to  be lo w e r  in  ou te rcortex  than in crude ex trac t of
-193-
n o d u le s  w hich  in d ic a te s  tha t th e  a c tiv ity  o f  N A D H -G O G A T  in  the 
ou te rcortex  is m a in ly  from  N A D H -G O G A T  I; low  activ ity  o f  N A D H - 
G O G A T  13 m ight b e  due to  the co n tam ination  o f  the inner central cells of 
the  nodules.
T he recoveries o f  N A D H -G O G A T  I (42% ) in plastids was 
found  to  be close to  tha t o f tw o  p la s t id  m arker enzym es G S -5  (49% ) and 
PG D H  (44.9% ). Y e t recovery  o f  N A D H -G O G A T  II w as m uch higher, 
abou t 75% . The d iffe rences  in re c o v e rie s  in p lastids o f  the tw o N A D H - 
G O G A T  isoenzym es could be e x p la in ed  that N A D H -G O G A T  I is located 
in  the sam e cell types  as the tw o m a rk e r  enzym es, w hilst N A D H -G O G A T  
II m igh t be located  in  d ifferent c e ll ty p e s . H ow ever, the low er recoveries 
fo r  G S -S , P G D H  a n d  N A D H -G O G A T  I cou ld  also  resu lt from  the 
underestim ation o f  th e  activities o f  th e se  three enzym es due to  instability in 
add ition  to  d iffe ren tia l p lastid  b re a k a g e . The low  percentage o f N A D H - 
G O G A T  I (co m p ared  to  N A D H -G O G A T  II) from  in n e r central cells 
resu lted  in  the iden tification  o f  th is isoenzym e from  extract o f  outercortex. 
H ow ever, the re su lt has show n th a t N A D H -G O G A T  I is also p resent in 
in n e r central cells o f  roo t nodules.
W estern  b lo tting  o f  G S f ro m  outercortex o f root nodule gave a 
b and  m ainly  n odu le  specific G S -y  (F ig .5 .6 ). This was in  agreem ent w ith 
th e  resu lt o f.the  ac tiv ity  p ro file  o f  G S  in  outercortex  from  H PLC w hich 
a lso  show ed that lo w  activ ity  o f  G S  w as  elu ted  in the position o f  G S -y . 
S im ila r ly , N A D H -G O G A T  II w a s  a lso  o b ta ined  in  the  ex trac t o f 
outercortex. W hether th is reflects tha t G S - y  and N A D H -G O G A T  II are also
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present in  o u te rco rtex  o r  th a t the re  is  co n tam in a tio n  by the  inner central 
tissues rem ains to  b e  d e te rm in ed . G S  fro m  c ru d e  o rganelles and crude 
ex trac t o f  ro o t nodu les w ere  th e  sam e, gave tw o  bands, G S -y  and GS-(3. 
There w as n o  v isib le b and  in  T rack  4 , w hich  w as  the plastids fraction from 
sucrose grad ien ts. It co u ld  b e  due to  the in s ta b ili ty  o f  G S -5  during the 
s to rage  as  G S -8  h a s  b e e n  fo u n d  to  be v e ry  u n s tab le  (B enne tt, per 
com m un.). T h e  presence o f  G S -8  in  fraction  o f  plastids w as confirm ed by 
the  resu lt o f  T rack  3 , a  v e ry  fa in t band  w as observed  in  the  position of 
G S -8  polypeptide, sligh tly  h ig h e r M r  than G S - y  and G S -p .
Chapter 6
Regulation of the Expression of Two 
NADH-GOGAT Isoenzymes of 
Phaseolus vulgaris L.
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6.1 Introduction
A  lo t o f  ev idence  has show n that d u rin g  nodulation a  series of 
n odu le  sp ec ific  am m on ia  assim ilato ry  e n z y m es  and  the m ost abundant 
n odu le  specific  pro te in  leghaem oglobin  are in d u ced  and increased over a 
tim e course sim ilar to n itrogenase (R obertson e t al., 1975a, 1975b, V erm a et 
al. 1981, S en gup ta -G opa lan  and P itas 1986 , N guyen ef a l ,  1986) The 
expression  o f  these nodu le  specific p ro te ins m ig h t be  under the control of 
th e  sam e regu la to ry  sy stem . S tudies o f  n o d u le  developm ent in  cow pea 
se ed lin g s , c u l tu re d  w ith  th e ir  n o d u la te d  ro o t system s ex p o sed  to  
a tm o sp h e re s  o f  80% A r: 20% O 2, in d ica ted  th a t w hile  h igh  levels o f 
n itrogenase ac tiv ity  w ere expressed under these  conditions the developm ent 
o f  pa thw ays o f  am m onia  assim ilation  w ere  sev ere ly  depressed  and the 
find ings  sug g ested  a specific  ro le o f  a m m o n ia  production  o r  o f  som e 
p ro d u c t o f  i ts  a ss im ila tio n  in  regu la ting  th e  ac tiv ity  o f  the  enzym es 
involved in  am m onia assim ilation (A tkins e t al., 1984). Since tw o  N A D H - 
G O G A T  isoenzym es h ave  been  found  to  o c c u r  in  root nodules and the 
lo c a liza tio n  an d  k in e tic  p roperties o f  th e  tw o  isoenzym es h ave  been 
o b se rv ed  to  b e  d iffe re n t, th e  reg u la tio n  o f  ex p ress io n  o f  the se  tw o  
isoenzym es during  nodu le  developm ent co u ld  a lso  be different. T he study 
in  th is C hap ter is aim ed at determ ining  the  regu la to ry  factors affec ting  the 
a c tiv i ty  o f  th e  tw o  N A D H -G O G A T  is o e n z y m e s  d u rin g  n o d u le  
developm ent. T he experim ents involved
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(1) to  study the ac tiv ity  changes in the tw o  N A D H -G O G A T  
isoenzym es in  nodules form ed w ith  w ild  type R h iz o b iu m  du ring  nodule 
d eve lopm en t to  de term ine  the re la tio n sh ip  o f  the  a c tiv i ty  o f  the tw o 
isoenzym es.
(2) to  study the activity  changes in  the tw o  N A D H -G O G A T  
isoenzym es in  root nodules form ed w ith  F ix ”m utan t R h izo b iu m  CE 108, 
com pared  to  w ild  type C E 3  in  o rd er to  de term ine  w h e th e r  N A D H - 
G O G A T tw o  isoenzym es are synthesized w hen there is n o  N H 4+  produced 
by nitrogen fixa tion .
(3) to  study the activity  changes in  the tw o  N A D H -G O G A T  
isoenzym es in  nodu les fo rm ed  u n d e r A r, com pared  to  th a t under N 2  to 
determ ine w h e th e r N A D H -G O G A T  tw o  isoenzym es a re  synthesized  in 
absense o f  N 2  fixation  in  nodules form ed w ith norm al R h izo b iu m .
(4) to  study the activity  changes in  the  tw o  N A D H -G O G A T  
isoenzym es w hen  exogenous N H 4 +  supp lied  to  (a )  un inocu la ted  root 
system , (b ) nod u le s  form ed w ith  F ix “ m utan t R h iz o b iu m ,  to  determ ine 
w hether exogenous N H 4+  can  cau se  the  expression  o f  N A D H -G O G A T  
tw o isoenzym es. 5
(5) to  study the o rgan-specific ity  o f  the tw o  N A D H -G O G A T  
isoenzym es in  P. vulgaris.
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6.2. Results
1. Changes in  activity o f the tw o NADH-GOGAT Isoenzymes 
During Nodule Development.
F iv e -d a y  old P. vu lg a ris  s e e d lin g s  w e re  in o c u la te d  w ith  
R .lc g u m in o s a r u m  bv p h a s c o li  (day 0 )  and  nodu la ting  ro o ts  o r  nodules 
w e re  h a rv es ted  a t various tim es d u rin g  d eve lopm en t a n d  assayed  fo r 
n itrogenase  an d  N A D H -G O G A T  ac tiv ity  (F ig .6 .1 .). N itro g e n ase  activity 
w as f ir s t d e te c ta b le  on d ay  10 fo llo w in g  in o c u la tio n  a n d  increased  
d ram a tica lly  f ro m  day 10 to  day  2 0 . N A D H -G O G A T  ac tiv ity  w as 
detec tab le  ev e n  in  the youngest sam p les  b u t increased  a b o u t 2 7 -fo ld  in  
specific  ac tiv ity  u p  to day 18 over a  tim e  course sim ilar to  th e  increase in 
n it ro g e n a s e  a c tiv i ty . T h e  p ro p o r tio n  o f  N A D H -G O G A T  ac tiv ity  
attribu tab le to  N A D H -G O G A T  I and N A D H -G O G A T  II w as  determ ined 
b y  sep a ra tin g  th e  tw o  iso en z y m es  b y  io n -e x c h a n g e  c h rm a to g rap h y  
(F ig .6 .2 .). A  7 0  to  80% recovery  o f N A D H -G O G A T  ac tiv ity  w as routinely 
o b ta in ed  in  th e se  p ro ced u re s. U n in o cu la ted  ro o ts  c o n ta in e d  very  low  
N A D H -G O G A T  activities (about 0 .63  n m o l m in” * m g p ro te in “ *) and was 
com prised  la rg e ly  o f  N A D H -G O G A T  I. This isoenzym e w as  detectable in 
nodu les th ro u g h o u t the deve lopm ent period  and w as the  o n ly  isoenzym e 
p resen t in  th e  nodu la ting  ro o t system s at day 5. N A D H -G O G A T  II was
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detec tab le  at day  8 (a t a  tim e w hen nodules w ere  clearly  v is ib le )  and its 
ac tiv ity  increased  in  proportion  th roughout n odu le  developm ent and at day 
20  w as abou t tw ice  a s  ac tive as N A D H -G O G A T  I. W hen th e  ac tiv ities of 
each  isoenzym e w e re  expressed  as specific  ac tiv ities (F ig .6 .1 .)  i t  can be 
seen tha t N A D H -G O G A T  I activity increased  about th re e -fo ld  un til about 
day  14 and then rem ain ed  constant. H ow ever, a  m uch g rea te r inc rease in 
specific  activ ity  w as observed fo r N A D H -G O G A T  II and  th is  isoenzym e 
accounted  largely fo r  the to tal increase in  N A D H -G O G A T  ac tiv ity  during 
nodule developm ent.
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2. C hanges in am ount o f nodule sp e c ific  pro teins and 
nitrogenase during nodule development.
P ro teins ex trac ted  from  ro o t nod u le s  a t d iffe ren t stages o f 
d e v e lo p m en t w ere  ru n  b y  S D S -p o ly a c ry la m id e  g e l e lec tro p h o re sis  
(F ig .6 .3 .) T he resu lt revea led  that the  tw o  m ost abundan t n odu le -specific  
pro te ins, leghaem oglob in  (M r  o f 14 ,000) and u ricase (M r  o f  35,000), both 
in itia lly  appeared  at day  10 and then increased  in  abundance up  to  day 20. 
P ro tein  b an d s  w ith  M r  o f  200,000 (perhaps co rresp o n d in g  to  N A D H - 
G O G A T ) w ere  o b se rv ed  starting  fro m  day  12 and  a lso  inc reased  in 
abundance at the sam e tim e  course as  u ricase and  leghaem oglobin . Some 
o th e r p ro te in s  fro m  th e  S D S -P A G E  w ere  a lso  fo u n d  to  inc rease  in  
abundance  during  n o d u la tion , w hilst m ost p ro te in s  w ere  observed  to  be 
con stan t in  abundance  and  only a  few  w ere  fo u n d  to  d ec line  during  
development.
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Fig.6.3. SDS-polyacrylamide gel of crude extracts of nodules at different stages of
development 10% SDS-polyacrylamide gel was run and stained with Coomassie 
blue. The number on the top of each track stands for the days after inoculation.
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N odule specific  enzym e prote ins induced at a sim ilar tim e course 
to  n itro g e n a se  d u rin g  n o d u le  d e v e lo p m en t w ere  a lso  o b se rv ed  by 
"W estern" blo t analysis. S D S -po lyacry lam ide  gels o f  nodu le  extracts from 
d iffe re n t stages o f  d eve lopm en t w ere b lo tted  onto  n itro -c e llu lo se  filters 
fo llow ed  b y  incubating  separately  w ith  n itrogenase an tibody and a  typical 
am m onia  assim ilatory  enzym e uricase antibody, and an ti-N A D H -G O G A T  
an tise ru m  ob ta ined  in  th is  s tudy. T h e  filte rs  w ere then  in cu b a ted  with 
[123 i]_pro te in  A  as d escribed  in  C hap ter 2. T he exp o sed  X - f i lm  from  
n itro c e llu lo se  f i l te r  (F ig .6 .4 . F ig .6 .5 . and  F ig .6 .6 .) show ed  th a t the 
in d u c tio n  o f  n itrogenase  and  u ricase  occu rred  at the  sam e tim e course 
d u rin g  n o d u le  deve lopm en t. T hey  b o th  appeared  at d ay  10 and  then 
in c rea sed  in  abundance u p  to  day  20  and  then decreased . T h e re  w ere 
h y b rid iz in g  bands arround M r o f  200 ,000  using the an ti-N A D H -G O G A T  
an tibody , w hich appeared  from  day 10 but the  in tensities o f  bands d id  not 
seem  to  b e  inc reased  g rad u a lly , and  ano ther pro te in  w ith  M r o f  about
40 .000  w as observed from  th is  W estern  blo tting  filte r and  appeared  to  be 
in c re a se d  in  ab u n d an ce  g rad u a lly  d u rin g  nodu le  d ev e lo p m en t. The 
exp lan a tio n  could be  e ith e r tha t the purified  protein w ith  M r o f  200,000 
from  S D S -po lyacry lam ide gel was contam inated with som e protein w ith Mr 
o f  4 0 ,0 0 0  and th e re fo re  the  N A D H -G O G A T  a n tib o d ie s  a re  not 
m onospec ific  and are recognizing this contam inant o r that the antibodies are 
specific  fo r  N A D H -G O G A T  but tha t the enzym e is degraded  to  a  M r o f
40.000 p ro te in  in these crude extracts.
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Fig.6.4. Western blotting of nitrogenase from crude extract of root nodules during nodule 
development. 1. day5,2. day8, 3.dayl0, 4. day 12,5. dayl4,6. day 16, 7.dayl8, 
8.day20 10. day24 after inoculation. The antibody was raised to component II of 
nitrogenase from R.Icgum inosarum  bv legum inosarum  and was kindly supplied by 
Dr.T. Bisseling (Agriculture University, Wageningen, The Netherland).
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Fig.6.5. Western blotting of uncase from crude extract of root nodules during nodule 
development 1. day5,2. day8, 3.dayl0,4. dayl2 ,5. dayl4 ,6. dayl6, 7.dayl8, 
8.day20 10. day24 after inoculation. The antibody was raised to purified soybean 
nodule uricase and was kindly supplied by Prof. D.P.S.Verma (McGill University, 
Montreal, Canada).
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Fig.6.6. Western blotting of NADH-GOGAT from crude extract of root nodules during 
nodule development 1. day5.2. day8, 3. daylO, 4. day!2,5. dayl4 ,6. dayl6,7. 
day 18, 8. day20 10. day24 after inoculation.
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3 . A  C o m p a riso n  o f  C h a n g es  in  N A D H -G O G A T  a c tiv ity  in 
n o d u les  inocu la ted  w ith  R h izo b ia  F ix '- m u tan t C E 108 an d  w ild  
type  C E 3.
F iv e -d a y  o ld  P .vu lgaris  seed lings  w e re  inocu la ted  w ith  F ix -  
m utan t C E 108 and  w ild  type CE3 (N oel e t al. 1984) (day 0). P lants  w ere 
w atered  w ith  sterilized  -N  nutrien t so lu tion  ev e ry  other day. lO m M  N H 4+ 
w as g iv e n  to  tw o  po ts  o f  C E108 inocu la ted  p lan ts  on day  15 an d  17. 
N odu les  w ere  harv ested  on  day  12, 14, 16, 18 and 20 and  assay ed  fo r 
n itrogenase and N A D H -G O G A T  activity. B o th  strains produced nodu les o f 
abou t th e  sam e size , b u t nodu les fo rm ed  w ith  C E108 d id  n o t p ro d u ce  as 
m u ch  le ghaem og lob in  as fo rm ed  w ith  C E 3 , fo r  the co lo u r o f  nodu les  
fo rm ed  w ith  C E 108  w ere  n o t very p in k  (F ig .6 .7 .). The leaves o f  C E108 
inocu la ted  p lants w ere  s ligh tly  yellow  (F ig .6 .8 .). N itrogenase ac tiv ity  in 
nodu les fo rm ed  w ith  C E 108  w as observed  to  be less than  1% o f  tha t in 
nodu les  fo rm ed  w ith  C E 3 . (F ig .6 .9a.). N o d u le  soluble p ro te in  lev e ls  in 
nodu les  fo rm ed  w ith  C E3 w as h ighe r than  C E 108  from  early  stag es  o f 
n odu le  d eve lopm en t and  w as abou t tw ice  th a t in  nodu les fo rm e d  w ith  
C E 108  u p  to  day20  (F ig .6 .9b ). A lthough  ac tiv itie s  o f  N A D H -G O G A T  
isoenzym es w ere detectable in  nodules form ed w ith  CE108 a t the sam e time 
as C E 3 and  the level o f  ac tiv ities o f  tw o  isoenzym es w as found  to  be the 
sam e as CE3 at ea rly  stages (day 12), specific  ac tiv ities o f  bo th  isoenzym es 
o f N A D H -G O G A T  w ere not increased th roughou t nodule developm ent, and
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sp ec ific  ac tiv ity  o f  N A D H -G O G A T  II w as  fo u n d  to  be  decreased  
(F ig.6.10.)- W hen  Sm M  (N H 4>2S04 w as g iven  to  p lan ts  inoculated  w ith 
C E 108  on d ay lS  and 17 , the specific ac tiv ity  o f  N A D H -G O G A T  I was 
a lm ost constant b u t N A D H -G O G A T  II w as sligh tly  decreased  (F ig.6.10a 
an d  b.)- The p rop o rtio n  o f  tw o  isoenzym es in  n o du le s  fo rm ed  w ith tw o  
types o f  R h izo b iu m  w ere  determ ined b y  separating the enzym es by H PLC 
ion -exchange chrom atography (F ig.6.11.).
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D ays a fte r  inoculation
Fig.6.9. Comparisons o f acetylene reduction and nodule soluble proteins in nodules 
formed with either R hizob ium  Fix-  mutant CE108 or wild type CE3, during 
nodule development Assays began on dayl2,14,16,18, and 20 after inoculation. 
lOmM NH4 + was given to nodules formed with CE108 on daylS and day 17.
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Fig.6.10. Comparisons of specific activity of two NADH-GOGAT isoenzymes from 
nodules formed with R hizob ium  Fix-  mutant CE108 and wild type CE3 during 
nodule development. Assays began on day l2 ,14,16,18, and 20 after 
inoculation. lOmM NH4 + was given to nodules formed with CE108 on daylS 
and day 17.
Fig.6.11. Changes in the relative activities of NADH-GOGATI and NADH-GOGAT 
II in nodules formed with R h izo b iu m  Fix" mutant CE108 and wild type CE3 
during nodule development, determined by activity elution profiles from an 
HPLC ion-exchange column.
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4 . C hanges in N A D H -G O G A T  activ ity  in  nodules fo rm ed  under 
80%  A t : 20%  C>2:
F iv e -d a y  o ld  seedlings o f  P. v u lg a r is  w ere  in o c u la ted  w ith  R. 
legu m in o sa ru m  b v  phaseo li (day  0). A fte r g iv in g  80% A r : 20%  O 2 to 
seven  o f  the  pots and  80% N 2 : 20%  O 2 to  th e  o ther five po ts on  day 5, all 
po ts  w ere  sealed  to  keep  the p lants exposed  to  the desired atm osphere as 
show n  in  F ig .6J2 . T he atm ospheres w ere c h e c k e d  by gas chrom atography. 
F irs t n odu le  sam ples from  both  conditions w e re  harvested on  day  15. On 
th is  d ay  som e w ere  transferred  to  N 2: O 2 f ro m  A r w hilst som e from  N 2 
w ere  tran sferred  to  A r and som e from  A r  w e re  given lO m M  N H 4+  as 
described  in  M ethods. Then nodules w ere h a rv es ted  on day  16 and  19. All 
sam ples harvested  w ere assayed fo r  n itro g en ase  activity , so lub le proteins 
an d  fo r  N A D H -G O G A T  tw o  is o e n z y m e s  ac tiv itie s  (F ig .6 .1 3 . and  
F ig .6 .14 .). T he e lu tion  profiles o f  the tw o  isoenzym es o f  N A D H -G O G A T  
from  nodules grow n under d iffe ren t co n d itio n s  are  shown in F ig .6 .13 . The 
nodu les form ed u n d er A r:0 2  w ere sim ilar in  appearance to  nodu les  grow n 
u n d e r N 2 :0 2 - F rom  Fig.6.13. it can be seen  th a t  the activity o f  nitrogenase 
in  nod u le s  grow n u n d er A r :0 2  w as ac tive a n d  increased  fro m  day IS  to  
d ay  19 w h ils t the so lub le  p ro te ins rem ain ed  a lm ost con stan t th roughou t 
nodu la tion . The specific activities o f tw o N A D H -G O G A T  isoenzym es w ere 
ab o u t the  sam e as norm al nodules on  day  15 b u t both kep t constan t from  
day  15 to  day  19 (Fig.6.14). W hen the  n o d u le s  w ere given 10 m M  N H 4+. 
the  n itrogenase  ac tiv ity , nodule so luble p ro te in s  w ere m arked ly  reduced
-215-
and the  nodu les  looked  b row n and shrivelled  in  ap p e a ran ce ; the specific  
ac tiv ity  o f  N A D H -G O G A T  I w as no t affec ted  w h ils t  N A D H -G O G A T  II 
w as reduced . W hen A r trea ted  nodu les w ere tra n sfe rre d  back  to  N 2 :0 2 , 
n itrogenase activity  and bo th  N A D H -G O G A T  iso en zy m es w ere increased 
aga in  a lthough  rem ained  s till low er than  norm al n o d u le s . T he le v e l o f 
so luble p ro te in s  in  p lan t ce lls  o f  nodu les w as a ls o  increased  soon  a fte r  
tran sfer to  N 2 :0 2 - W hen nodu les w ere transferred  f ro m  N 2 :0 2  conditions 
to  A r :0 2 . the  ac tiv ities o f  n itrogenase w as reduced  to  the level o f  tha t o f 
nodu les g ro w n  under A r :0 2  on  day  19, and the ac tiv itie s  o f  both  N A D H - 
G O G A T  isoenzym es d ec lined , especia lly  N A D H -G O G A T  n .  S upp lied  
N H 4+ h ad  nearly  n o  e ffec t on  the  induction  o f  tw o  isoenzym es o f  N A D H - 
G O G A T  u n d e r A r :0 2  b u t s ligh tly  decreased  th e  specific  ac tiv ity  o f  
N A D H -G O G A T  II.
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Fig.6.13. Effect of Ar:02 (80:20% v/v) treatment of the nodulated root systems of
P. vulgaris on nitrogenase activity and the level of soluble proteins. N 2:02 or 
Ar:02  gas streams were maintained from day 5 to day 20 after inoculation.
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X __________  X  N 2 : 0 2
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X — — —a  N 2 '-0 2 --► A r:02
•  _■  A r : 0 2---W i2 :0 2
0 -------- --—▲ A t: 0 2  +  N H 4 +
Fig.6.14. Effect of Ar.02 (80:20% v/v) treatment of the nodulated root systems of 
P. vulgaris on the specific activity of two NADH-GOGAT isoenzymes. 
N2:02 or Ar:02 gas streams were maintained from day 5 to day 20 after 
inoculation.
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Fig.6.15. Changes in the reUtive activities of NADH-GCXj AT I and NADH-GCX3AT 
□ in nodules formed under Ar:C>2 and N2:02-. determined by activity elution 
profiles from an HPLC ion-exchange column.
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5. The effect o f exogenously added NH 4 + on activities of two 
NADH-GOGAT isoenzymes in uninoculated roots
T h e  e ffec t o f  N H 4 + o n  a c tiv i t ie s  o f  tw o  N A D H -G O G A T  
isoenzym es w as determ ined  by assaying the enzym e activ ity  from  roots of 
Phaseolus vulgaris  g row n under n itrogen  s tarva tion  conditions. T he beans 
w ere g row n in verm iculite  fo r about 5 days un til the first le a f grew  out, the 
coty ledons w ere p icked  o f f  and the seed lings w ere transferred  in to  tw o 
trays supported  by  w ire  m esh  (hydropon ic sy stem ) as show n in  F ig. 2.3 
T he seedlings w ithout co ty ledons w ere g row n in  - N  solu tion  bubbled with 
fresh a ir  fo r  2  days until th e  plants w ere n itrogen  starved. O n the third day, 
lOmM  N H 4+ w as added  to  the so lu tion  in  one  tray  fo r beans ' grow th  for 
24 h. T h e  p lants in  the o th e r tray w ere used  as  contro l. T he roots from  two 
trays w ere  ex tracted  separately  in pH  7 .6  H ep es  b u ffe r con tain ing  0.5M  
sucrose, 1% p-m ercaptoethanol, lOmM  D TT, Im M  ED TA  and Im M  PMSF. 
The ex trac t w as desalted  by going th rough a  5m l Sephadex G -5 0  colum n. 
The desalted  extract w as chrom atographed by  H P L C  ion -exchange column 
and the  frac tions  w ere  assayed  fo r  N A D H -G O G A T  activ ity . From  the 
e lu tio n  p ro f ile  o f  th e  ac tiv itie s  o f  N A D H -G O G A T  from  th e  roots 
grow n w ith o u t adding  N H 4+(Fig 6 .16a) and add ing  N H 4+  (Fig 6.16b), it 
can  be seen  that only  trace  am ount o f  N A D H -G O G A T  I w as p resen t in 
roots, and  N A D H -G O G A T  II w as n o t detected . A fter adding  N H 4+ to the 
plants, th e  specific ac tiv ity  o f  N A D H -G O G A T  I w as increased  less than 
10%, N A D H -G O G A T  II w as still not detectable.
■221
Fig.6.16. Ammonium effect on activities of NADH-GOGAT isoenzymes in
uninoculated roots determined by activity elution profile from an HPLC ion- 
exchange column. A. NADH-GOGAT from uninoculated roots without 
adding NH4 +, B.NADH-GOGAT from uninoculated roots adding lOmM N H ^
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6. O rgan-specificity  o f the two NADH-GOGAT isoenzymes
R o o ts , leaves, e tio la ted  shoo ts, stem s, co ty ledons, p lum u les and 
radicals o f  P hascolus vulgaris  w ere ex tracted  in  the sam e w ay  as nodules. 
T he crude ex trac ts  from  these  tissues w ere run  on  H PL C  ion -ex ch an g e  
co lum n sep a ra te ly  (F ig .6 .17 .). T he frac tio n s  w ere assay ed  fo r  N A D H - 
G O G A T  ac tiv ity . N A D H -G O G A T  ac tiv ity  w as n o t de tec tab le  in leaves, 
s tem s, c o ty le d o n s  and  p lu m u les . A lth o u g h , N A D H -G O G A T  I  was 
detectable fro m  bo th  roots and  rad icals , the level o f  th e  ac tiv ity  from  these 
tw o  organs w as  very  low . T he specific ac tiv ity  o f  N A D H -G O G A T  I from 
roots o r rad ica ls  w as only abou t 1 /2 0  o f  that from  roo t nodules.
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Fig.6.17. Elution profiles of two NADH-GOGAT isoenzymes from different organs of 
P. vulgaris from HPLC ion-exchange column.
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6.3. D iscussion
T h e  ac tiv ity  o f  G S  an d  N A D H -G O G A T  in  the nodu le  ce lls  has 
b ee n  s h o w n  to  in c re a se  fo llo w in g  th e  in c re a s e  in  th e  le v e l o f  
leghaem oglobin  and in the activ ity  o f  n itrogenase in  the nodules (R obertson 
c t al. 1975a and b , W erner e t al. 1980). T he resu lts  obtained in  this Chapter 
confirm ed  the  above observations and have show n  that N A D H -G O G A T  I 
and  N A D H -G O G A T  II a re  d iffe re n t in e x p re ss io n  d u rin g  n o d u le  
d e v e lo p m e n t o f  P .vu lg a ris . T he  ac tiv ity  o f  N A D H -G O G A T  I w as 
increased  at the ea rly  stage o f  nodula tion  but rem ained  constan t s ince day 
14. W hilst the  ac tiv ity  o f  N A D H -G O G A T  II w as induced m uch m ore than 
N A D H -G O G A T  I and p a ra l le le d  th e  in d u c tio n  o f  n it ro g e n a s e , 
le g h aem o g lo b in  an d  u ricase  du rin g  n o d u la tio n . T he ra tio  o f  N A D H - 
G O G A T  II: N A D H -G O G A T  I w as ab o u t 2:1 on the  day  2 0  afte r  
nodu la tion . T he re fo re  in P. vulgaris  the increase in the activ ity  o f  N A D H - 
G O G A T  d u rin g  n o du la tion  is  m ain ly  due to  the  induc tion  o f  N A D H - 
G O G A T  II. N A D H -G O G A T  I  w as the only fo rm  w hen the inoculated  root 
system  on  day  5 w as assayed fo r  the ac tiv ities o f  tw o  isoenzym es and  was 
show n n o t on ly  p re sen t in  ro o t nodu les b u t a lso  in  roo ts and  rad ica ls; 
w hilst N A D H -G O G A T  II w as nearly  undetectab le from  these organs. From 
the resu lts  ob ta ined  by H PL C  io n -e x ch an g e  chrom atography  o f  ex tracts 
from  d iffe re n t organs o f P.vu lgaris  (F ig .6 .17 )and  the results from  nodule 
deve lopm en ta l experim en t (F ig .6 .2 ), it appeared  that N A D H -G O G A T  n
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w as th e  isoenzym e induced during  nodu la tion  and m ight be  responsib le fo r 
the  assim ilation o f am m onium  produced during  dinitrogen fixation.
N odules fo rm ed  w ith  F ix “ m u tan t C E108 have th e  sam e size  as 
e ffec tiv e  nodules, b u t the co lou r o f  the nodu les w ere not p in k  but yellow ish 
b ro w n  and  the leaves o f  C E 108  inocu la ted  p lants w ere n o t as g reen  as 
c o n tro l p lants (F ig .6 .12 . and  F ig .6 .13 .). T h ese  observations suggest that 
th e re  w as low er level o f  leghaem oglob in  in  the nodules an d  there w as not 
en o u g h  nutrien t tran spo rted  to  the le aves  fo r fu ll ch lo rophy ll synthesis 
w hen  P.vulgaris  w as inoculated  w ith  F ix -  m utan t R hizob ium . The level o f 
so lu b le  proteins and tw o  isoenzym es o f  N A D H -G O G A T  w as also found to 
b e  lo w e r than tha t in  effec tiv e  nodu les. M oreover, nodu les form ed w ith 
C E 1 0 8  seem ed to  h ave  h igher po lysaccharide content since the ex trac t o f  
th e se  nodu les was very  sticky  and  d iff ic u lt to  run  th rough the Sephadex 
co lu m n . A t the early  stages o f  nodule developm ent, the am ount o f  so luble 
p ro te in s  and N A D H -G O G A T  tw o  isoenzym e activities w ere  found to  be 
ab o u t th e  same as no rm al nodu le s, b u t the  soluble p ro te ins w ere sligh tly  
in c re a s e d  and ac tiv itie s  o f  th e  tw o  iso en zy m es  rem a in ed  co n s ta n t 
th rou g h o u t nodule developm ent. W hen N H 4+ w as given to  CE108 form ed 
n o d u le s , the specific activity  o f  N A D H -G O G A T  II was slightly  decreased 
and  th e  nodules started  senescence soon after they were g iven  am m onium . 
T h e  resu lts  have show n  th a t bo th  N A D H -G O G A T  iso en zy m es w ere  
sy n th e s iz e d  desp ite  the  la c k  o f  n itro g en ase  activ ity  in  the  b ac tero id s . 
H o w e v e r, the level o f  tw o  isoenzym es w as m arkedly reduced . A  sim ilar 
o b se rv a tio n  has been  o b ta ined  w hen n o d u le s  w ere g row n  under A r :0 2
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cond itions; th e  ac tiv ities  o f  tw o isoenzym es o f  N A D H -G O G A T  w ere 
exp ressed  a t th e  sam e tim e as norm al n o d u le s , b u t w ere n o t increased  
fu r th e r  d u rin g  n o d u la tio n . W hen  n o d u le s  fo rm e d  u n d e r A r :0 2  w ere  
tran sferred  b ac k  to  N2:C>2 cond itions , th e  tw o  •isoenzym es especially  
N A D H -G O G A T  II, w ere increased  again . T h is  w as perhaps due to  the 
recovery  o f  n itro g en  fixa tion  w hen supp lied  w ith  n itrogen . T herefo re  it 
could be p roposed  from  the  above tw o se ts  o f  experim en ts tha t nitrogen 
fixa tion  m igh t b e  a  facto r in  regulating the le v e l o f  tw o  N A D H -G O G A T  
isoenzym es. T h e  results ob ta ined  in  A r :0 2  tre a tm en t o f  nodu la ted  root 
system  w ere s im ilar to that in  the work on A r :0 2  treated  cow pea and lupin 
root nodu les (A tk in s  er al. 1984). T hey  fo u n d  tha t A r :0 2  trea tm en t on 
a ttached  n o du le s  d id  n o t a ffec t nodule g ro w th , levels  o f  p lan t ce ll and 
bac te ro id  p ro te in , leghaem oglob in  co n ten t, o r  n itro g en ase  ac tiv ity  but 
severe ly  red u ce d  ac tiv ities  o f  g lu ta m in e -u tiliz in g  enzym es, g lu tam ate 
synthase, asparag ine synthetase and de nov o  p u rine  synthesis. T he author 
p roposed tha t am m onia production  by R h izo b iu m  bacteroids p rovided not 
only a source o f  n itrogen  fo r  grow th b u t has  a  cen tra l regu lato ry  role in  
m ainta in ing  the  m etabo lic  activ ity  and  fu n c tio n a l in teg rity  o f  the legum e 
nodules.
T he response  o f  tw o  N A D H -G O G A T  isoenzym es to  applied 
am m onium  in  A r treated  nodules w as a lso  fo u n d  to  be sim ilar to  that in 
C E 108  fo rm ed  nodu les; exogenous N H 4+ su p p lie d  to  p lants could  not 
induce ac tiv ity  o f  N A D H -G O G A T  but caused  the  nodu le  senescence. W hen
-227-
N H 4 +  w as g iven  to  u n in o c u la ted  ro o ts , N A D H -G O G A T  II w as still 
unde tec tab le , th e  sp ec ific  ac tiv ity  o f  N A D H -G O G A T  I  w as slightly 
in c reased . T he re fo re  th e  exogenous am m on ium  h as  n o  e f fe c t on the 
induc tion  o f  N A D H -G O G A T  II, the leve l o f  the ex p ress io n  o f  N A D H - 
G O G A T  II w as found  to  b e  related  w ith  n itrogen  fix a tio n . I t w as clearly 
show n  w hen A r :0 2  trea ted  nodules w ere transferred  to  N 2 :0 2  conditions, 
the  specific activities o f  tw o  N A D H -G O G A T s, especially  N A D H -G O G A T  
II w as dram atically inc reased  and w hen nodules w ere sw itched o f f  N 2 to Ar, 
the  specific activity  o f  N A D H -G O G A T  II w as m arkedly  reduced.
Chapter 7
Attemping the Molecular Cloning of 
Gene(s) Encoding NADH-GOGAT of 
Phaseolus vulgaris L.
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7 .1 .In troduction
S tudies a t  the  m olecular level h a v e  show n that G S  in h igher 
p lants is encoded  b y  a  small n uclear m u ltig e n e  fam ily  (C u llim ore e t aJ. 
1984, T ingey  et al. 1987). In P.vu lgaris  G S  is  encoded  by  fo u r  expressed 
genes (g ln - a ,  g ln - P . g ln - y  and g in - 5) w h ich  encode three cy toso lic  GS 
subun its  ( a ,  3  and  y )  and a p lastid  located  su b u n it (5) (C ullim ore e t al. 
1984, G ebhard t e t  al. 1986, L ig h tfo o t e t  al. 1988, L ara  e t  al. 1984, 
B ennett and C u llim o re  unpubl.). In  nodu les  th e  appearance o f  the nodule 
specific  GS isoenzym e during nodule d eve lopm en t (C ullim ore et al, 1984) 
has been  shown to  b e  due to the expression  o f  a specific  gene . This gene, 
e l n - y  is  exp ressed  on ly  in nodu les w h ereas  the  o th e r th ree  genes are 
expressed  additionally in  other organs(C ullim ore et al. 1984, G ebhardt e t al. 
1986, L ara  et al. 1984). The subun its  th e n  assem b le  in to  a  num ber o f 
sep arab le  iso en z y m es  in the ir re sp ec tiv e  co m p artm en ts  (B enne tt and 
C ullim ore , unpubl.). In  contrast to  the w ork  o n  G S very  little  is know n o f 
the cod ing  and g en e  expression  o f  G O G A T  in  h ig h e r p lan ts; to  date no 
clones have been o b ta ined  for e ither the fe rred o x in -d ep en d en t o r N A D H - 
dependent G OG A Ts.
H ow ever, th e  clones en cod ing  N A D P H -G O G A T  gene from  
E .c o li  K -1 2  h av e  b ee n  obta ined  and se q u en ce d  (O liv e r e t  al. 1987). 
N A D P H -G O G A T  fro m  E.coli is an agg rega te  o f  fo u r cataly tically  active 
d im ers. Each d im er consists  o f tw o  n o n iden tica l subunits w hose estim ated 
M rs are  135,000 and  53,000 (M iller and S tad tm an , 1972). The recom binant
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p la sm id  pR SP20 carries the  E .co li s tructural genes co d in g  fo r bo th  large 
a n d  small subunits w hich are  tightly  linked (O liver e t al. 1987). D espite  the 
d iffe rences in m olecular w eigh t and num ber o f  po lypeptides betw een E .coli 
N A D P H -G O G A T  and  P .vulgaris  N A D H -G O G A T , perhaps there is  som e 
conserved  regions as there is  som e evidence w hich  suggests  that glu tam ine 
a m id o  tra n sfe ra se s  h a v e  so m e co n se rv ed  reg io n s  (W o o tto n , pers . 
com m un.). G O G A T is a m em ber o f  glutam ine am ido transferases. Therefore 
N A D P H -G O G A T  gene fro m  E .co li could be used  as a  p robe  to  screen  for 
c lones  encoding N A D H -G O G A T  gene from  higher plants.
W e propose to  ob ta in  cD N A  clones encod ing  N A D H -G O G A T  
o f  P .vulgaris  and  to use th e se  clones to  study the n u m b e r o f  genes that 
en c o d e  this enzym e and th e ir  expression  in  roo t nod u le s, p a rticu larly  in 
re la tion  to the nitrogen supp ly  and the expression  o f  the G S  genes.
T he strategy fo r  c lon ing  the genes invo lves p reparing  a  cD N A  
lib ra ry  to high m olecular w e ig h t polyA + R N A  obta ined  from  root nodules 
a n d  screening the clones u s in g  the probes p repared  from  E .c o li  G O G A T  
c lo n es . Poten tial P .vu lgaris  G O G A T  clones w ould  then  be id e n tif ied  by 
h y b rid  select translation  an d  im m unoprécip itation  o f  the  pro te in  products. 
G O G A T  clones, w ould be sequenced  and used  to  study the  structure o f  the 
g en e (s)  in  P.vulgaris and the  expression o f the enzym e.
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7 .2 . R e su lts
1. Preparation o f polyA+ RNA and higher m olecular weight 
mRNA
•
1) S eparation o f  PolyA +  R N A  from  to ta l R N A
T o ta l R N A  w as ex trac ted  a s  d escribed  in  M ethods. P o lyA + 
RN A  w as pu rified  by  o lig o -d T  ce llu lo se  ch rom atography. F ig  7.1 show s 
the result o f  the  separation o f  poly  A +  R N A  from  the to ta l R N A  by o ligo -dT  
cellu lose chrom atography . T he abso rbances at 260nm  o f  the  fractions w ere 
checked by  a  U V  m onitor. F rom  the p ro f ile  it can  be seen  tha t a  m ajor peak 
o f  ribosom e R N A  w as w ashed o ff  d ire c tly  from  the colum n; PolyA +  RN A  
w as abso rbed  onto the  o lig o -d T  on the  co lu m n  and a  sm all peak  o f  polyA+ 
R N A  w as then  elu ted  from  the  colum n w ith  o lig o -d T  elu tion  buffer.
2) S ize -frac tionation  o f  PolyA +  R N A  b y  sucrose gradient centrifugation
P o ly A +  R N A  iso la ted  fro m  nodu les o f  P hasco lus vulgaris L. 
w as separa ted  in to  d iffe re n t s ize  c la s se s  b y  s ize -fra c tio n a tio n  by sucrose 
density  g rad ien t centrifugation . The g rad ien t w as checked b y  m easuring the 
re frac tiv e  in d e x  o f  o n e  o f  th e  g ra d ie n ts  w ith  re frac to m e te r T he resu lt 
show ed th a t the g rad ien t w as linear. A fte r  c e n trifuga tion , the g radients 
w ere frac tiona ted  in to  m icro fuge tu b es  and  the  absorbance a t 260nm  was 
checked a t the  sam e tim e. U nfo rtu n a te ly  the peaks o f  R N A  in  both RN A  
m arker tube  and  sam ple tube w ere n o t separa tab le , suggesting  that sucrose
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g rad ien ts  w ere n o t satisfacto ry  (F ig .7 .2 .). F rac tio n s  5 -1 6  how ever w ere 
sav ed , and used  fo r  in  vitro  translation.
3) In  vitro  tran sla tion  o f  polyA + RNA
P o ly A +  R N A  iso la ted  from  n o d u le s  o f  P. vu lgaris  w as 
tran sla ted  in  vitro  an d  the products characte rized  by  SD S -polyacrylam ide 
gel. T h e  products o f  th e  in  vitro  translation (F ig . 7 .3 .) ranged in m olecular 
w e ig h t from  le ss  th a n  30,000 to  grea ter th a n  100,000. M r  o f  N A D H - 
G O G A T  is abou t 2 00 ,000  w hich suggests tha t th e  size o f G O G A T m R N A  
s h o u ld  be ab o u t 6 K b . F raction  12 w as ch o sen  fo r  synthesizing  cD N A , 
w h ich  translated to  g iv e  the highest m olecular w eigh t product.
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F ig .7 .2 . S ize -fra c tio n a tio n  o f  p o ly A + R N A  by sucrose density  
g rad ien t centrifugation
A2
60
 (•
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Fig.7.3. Autoradiography of SDS-PAGE of in vitro translation products of size- 
fractionated polyA+ RNA from root nodules of P.vulearis. Track 1 to Track 9 are 
the translation products from size-fractionated polyA+ RNA No. 5-13, Track 10 
:blank, Track 11: control yeast RNA, Trackl2: Molecular markers. Molecular 
weight markers are: ovalbumin (Mr 45,000), Bovine Serum albumin (Mr 66,2000), 
phosphorylase B (Mr 92,500), JJ-galactosidase (Mr 116,250) Myosin (Mr 
200 ,000).
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2. Preparation of cDNA library:
1) S yn th esiz in g  ds cD N A :
T h e  M r o f  cD N A  w as id e n tif ie d  by  a lk a lin e  agarose gel 
e le c tro p h o re s is . T h e  s iz e  o f  f irs t s tra n d  and  d o u b le  strand  cD N A  
sy n th e s iz e d  from  frac tio n  12 ob ta ined  b y  size f rac tio n a ted  polyA + RN A  
w ere o n ly  1K b or so, m u c h  sm aller than  expected . It suggested  that the size 
o f  m R N A  w as not v e ry  la rg e  due to  d eg rad a tio n  d u rin g  prepara tion . 
T h e re fo re , m R N A  frac tio n  19 w hich  D r. C u llim ore o b ta in ed  3 years ago 
(C u llim o re  and M iflin , 1983) w as u sed  to  syn thesize cD N A . T he size o f  
s y n th e s iz e d  cD N A  fro m  m R N A  f ra c t io n  19 ranged  fro m  0 .6  to  4K b 
(F ig .7 .4 .)  I t  was still sm a lle r  than e x p e c ted , the  M r  o f  th e  m ajority  was 
about 1 .5 K b  which suggested  that m R N A  obta ined  three yea rs  ago was also 
deg raded  during  storage.
2) C - ta i le d  doub le -strand  cD N A:
A. tria l ta il in g  reaction from  pU C8 cut b y  S m al:
T he d iffe ren t percen tage  o f  in c o rpo ra tion  o f  dC T P  in to  S m a  I 
d ig e sted  p U C 8  w as o b ta in ed  at d iffe re n t reac tion  tim e  as described  in  
M ethods a n d  a plot o f  the  incorporation  o f  [a -3 2 p ]  d C T P  against reaction 
tim e w as  m ade. (F ig 7 .5 ). F o r  10 C - ta i ls ,  2%  in c o rpo ra tion  o f  dC TP w as 
ex p e c ted , th e  reaction shou ld  be carried  o u t fo r 9m in.
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F ig .7 .4 . Alkaline agarose gel electrophoresis of synthesized first strand cDNA (Track 
A) and double strand cDNA (Track B). Molecular weight marker are Hind III 
digested A.DNA.
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F ig .7 .5 . Trial ta ilin g  reaction fo r  10  C -ta ils  from  pU C 8
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B. C -ta ilin g  fo r ds-cD N A
T he C -ta ilin g  reaction  fo r  d s -cD N A  w as carried  o u t fo r  9  m in  
as described  in  M ethods. 10 C - ta i ls  w ere  expected  to  be added  to  the  d s -  
cD N A .
3). T ransform ation  into both  JM 1 0 9  and  JM 83:
W hen cD N A  ob ta ined  fro m  m RN A  frac tion  12 w as used, the re  
w ere only  a  few  colonies o b ta ined  on  the  transform ation . H ow ever, w hen  
cD N A  from  m RN A  fraction  19 w h ich  D r. C ullim ore obtained w as u sed , in 
JM 83 m ore than 100 w hite reco m b in an t colonies in  each p la te  appeared  b u t 
in  JM 109  on ly  a  few  co lon ies. JM 8 3  and  JM 109  are bo th  E c o li  K - 1 2  
derivatives. JM 83 carries recA  g e n e  in  the chrom osom e w h ilst JM 109  does 
not. T herefo re JM 83 has m uch h ig h e r  transfo rm ation  efficiency. In  all, 2000 
clones w ere stored fo r the cD N A  lib rary .
3. Screening cDNA library:
1) P reparation  o f nick translation  p robe:
T he res tric tio n  m a p  o f  E. co li G O G A T  g ene (o b ta in e d  as 
plasm id  pG O G 2 from  D r. W oo tto n ) is show n in  F ig .7 .6 . W hen  cD N A  w as 
sy n th es iz ed  from  m R N A , i t  s ta r ts  from  3 'en d . T he 3 .6  K b  H in d  III 
fragm ent o f  N A D P H -G O G A T  g en e  from  E. co li w as located  at the 3 ' end 
and  w as used  to m ake the  probe s in ce  the size o f  d o u b le -s tran d  cD N A  was
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only  1.5Kb, sm aller than expected  w h ich  sho u ld  be 6K b and therefo re  the 
cD N A  library is unlikely  to  have any  c lo n es  w h ich  contained fu ll length  o f 
cD N A  from  root nodu les. 3 .6K b frag m en t o f  N A D P H -G O G A T  gene was 
first isolated from  an  agarose gel o f  H in d  III d igested  recom binan t plasm id 
pG O G 2 containing N A D P H -G O G A T  g ene fro m  E. coli. It w as then ligated 
w ith pA C Y C 184 and transform ed in to  E . c o li  HB101 to  am plify  the 3 .6  K b 
fragm ent. T he 3 .6  K b  fragm en t w as  th e n  iso la ted  by  e lu tio n  from  an 
agarose gel o f  H ind HI digested pA C Y C 184  recom binant p lasm id  (Fig.7.7). 
pA C Y C 184 is to tally  d iffe ren t from  v ec to r  p U C 9  in cD N A  lib rary  as there 
is no  hom ology betw een  the  tw o  v ec to rs , e v e n  if  there w ere  rem ains o f  
pA C Y C 184 m ixed w ith  the 3.6K b frag m en t, the  probe w ould  n o t hybridize 
to  the vec to r o f  the cD N A  library . T h e re fo re  pA C Y C 184 w as chosen  to 
insert 3.6K b fragm ent.
0 
Kb
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F ig .7 .7 .  Isolation of the 36K b GOGAT fragment by elution from the gel of Hind III 
digested recombinant pACYC184 plasmid. Track A: Molecular marker of Hind 
III cut XDNA. Track B: Hind III digested recombinant pACYC184. Track C: 
Eluted 3.6 Kb NADPH-GOGAT gene fragment.
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2) P reparation  o f  S P 6  transcription probe:
In  p G E M 3  there is a  prom oter h igh ly  specific fo r S P 6  and T7 
po lym erases w h ich  d irect specific  in itia tion  o f  the transcrip tion  reaction . 
L abelled  tran sc rip ts  produced w ith  SP6 o r T 7  polym erase as p ro b e  exhib it 
several advan tages com pared to  a  n ick -transla ted  probe. The transcrip ts  are 
s in g le -s tran d ed  R N A  and renaturation  cou ld  n o t occu r . T he p ro b e  from  
tra n sc rip tio n  re a c tio n  has h ig h e r levels o f  specific  labelling  th a n  n ick 
tran sla ted  p ro b e . M oreover, the  hyb rid iza tion  o f  R N A  w ith  D N A  was 
s tronger than  th a t o f  D N A  w ith  D NA . T h e  hybrid ization  o f  R N A  probe 
thus cou ld  be  ca rried  out under m ore stringen t conditions, no rm a lly , the 
h y b rid iza tio n  s o lu tio n  con tains fo rm am ide to  inc rease s tr in g e n cy  and 
p rev en t R N A  d eg rada tion . In  o rder to  m ake a  h ig h e r rad io ac tiv e  RN A  
probe, the  3 .6  K b  fragm ent w as subcloned in to  pG EM 3. F ig.7.8. show s the 
res tric tion  m a p  o f  pG EM 3 +  3 .6  K b o f  E .c o li  N A D P H -G O G A T  gene 
fragm en t recom binan t. H ow ever, there w ere tw o  orientations in  w hich  the 
3 .6K b frag m en t co u ld  ligate w ith  the vector. T he orientation o f  the 3.6K b 
fragm en t w as iden tif ied  by m in i-p repara tion  o f  plasm id  and d igesting  the 
recom binan t p la sm id  with P st I and running a  m in i-g e l. Fig 7 .9  show s that 
in  tra ck s  4 , 5 , 6 , 7 , 9 , 10, 11, a  4.3 K b and  a  2 .4  K b frag m en ts  w ere 
ob ta ined , w h ich  suggests  one orientation; in  tracks 1, 2, 3, a  5.1 K b  and a
1.4 K b  frag m en t w ere  obtained suggesting the o ther orientation . A fter SP6 
tra n sc rip tio n , it w as  show n tha t recom binan t p lasm id  from  firs t g roup  
p roduced  fu ll le n g th  RN A  (F ig .7 .10) but in  the o ther d irection , on ly  small 
transcrip ts w ere  obta ined  suggesting there cou ld  be a transcrip tional stop in
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th is  o rien ta tion . R eco m b in an t p la sm id  from  track  9 clone w as u s e d  for 
m ak ing  S P6 tran sc rip tio n  probe.
F ig .7 .8 . Restriction map of pGEM3 + 3.6Kb fragment of E .c o li NADPH-GOGAT 
gene
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1 2 3 4  5 6 7 8 9  10 11
F ig .7 .9 . pGEM3 + 3.6Kb GOGAT fragment recombinant vector digested by P s t  I 
Track 1£,3, and 8 give 1.4 + 5.3Kb fragment. Track 4, 5, 6, 7, 9, 10, and 11 
produce 2.4 + 4.3 Kb fragment.
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F ig .7 .1 0 . SP6 transcription of 3.6Kb fragment of E .c o li  NADPH-GOGAT gene. The 
marker used is ^2p labelled /7/ndIII digested XDNA.
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3. Hybridization o f  cDNA library w ith the probes:
There is  expected  to  be on ly  a low  identity  betw een N A D P H - 
G O G A T  gene from  E. co li and N A D H -G O G A T  gene from  higher p lant so 
a  lo w  stringency w as used  fo r  the hyb rid iza tion . F ig 7.11 show s tha t one 
c lo n e  from  one fil te r  w hich  contains 500  clones w as found  to  hybridize 
s tro n g ly  to  the S P 6  tran sc rip tion  p ro b e  a fte r  w ash ing  even  at h ighe r 
s tr in g en cy  (0.1 xSSC, 0.1%SDS at 60°C )F ig .7 .12. show s ano ther clone from  one 
f i l te r  w hich  contains 500 c lones w as fo u n d  to  hybrid ize strongly  to  the nick 
tra n sla ted  probe a f te r  w ashing at h igh  stringency  (O.lxSSC, 0.1% SDS at60°C).
10 c lones  a ltogether w ere chosen  as pu ta tive  G O G A T  clones 
acco rd ing  to  the results o f  hybrid ization  o f  cD N A  library w ith  tw o kinds of 
p ro b e s . T he 10 p u ta tiv e  c lones w ere d o u b le  d igested  w ith  Hind III and 
EcoRl and  the  in s e r ts  w e re  re le a se d  from  the v ec to rs  (F ig .7 .13 ). 
Iden tifica tion  w as carried out by blo tting  the  gel onto a n itrocellulose filter 
an d  th e n  hybrid iz ing  with SP6 tran sc rip tio n  probe. It seem ed that there 
w e re  in serts  hyb rid iz in g  to  the  p ro b e  a f te r  w ashing  at low  stringency 
(F ig .7 .14 ). A ll the  h y b rid iz in g  b ands  d isappeared  a fte r  the f il te r  was 
w ashed  at h igh  stringency (F ig.7.15.).
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' • • • • ♦ #  0  
1 • • 0  0  0  0  0
• • * 0  0
• • 0: 0 0 0 0
F ig .7 .1 1 . Colony hybridization of 500 recombinant nodule NADH-GOGAT eDNA 
clones to a-32p_SP6 transcription probe from E .c o li  3.6 Kb GOGAT gene 
fragment
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F ig .? .  12. Colony hybridization of 500 recombinant nodule NADH-GOGAT cDNA 
clones to nick translation probe from E .co li 3.6 Kb GOGAT gene fragment
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Fig?. 13. Agarose gel electrophoresis of mini plasmid preps of potential 10 NADH
-GOGAT cDNA clones (1-10) and marker clone pGEM3 + 3.6Kb fragment of 
E .co li NADH-GOGAT genes(M), digested by H ind  III and £coRl.
1 2 3 4 5 6 7 8 9  10 M
Fig7.14. Southern blot of 10 mini plasmid preps of potential NADH-GOGAT cDNA 
clones (1-10) and marker clone (M), digested by H ind  III, EcoRl and 
hybridizedwith the SP6 transcription probe and washed at low stringency 
(6xSSC, 0.1% SDS at 50#C).
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i
Fig7.15. Filter as shown in Fig7.14. but after washing at high stringency (O.lxSSC, 
0.1 %SDS at 60°C)
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7 .3 . Discussion
A  cD N A  lib rary  has been  c o n s tru c ted  from  d o u b le -s tran d ed  
eD N A  syn thesized  by  the m ethod  o f  G u b le r a n d  H offm an  (1983 ), from  
s iz e - f ra c t io n a te d  p o ly A +  R N A  ob ta ined  f ro m  sucrose  g rad ien ts . T h e  
lib ra ry  has been screened w ith the probes e ith e r  n ick  translated  labelled  E. 
c o l i  G O G A T  g e n e  frag m en t o r  la b e lled  R N A  tra n sc rip ts  from  S P6 
tran sc rip tion  o f  E . co li G O G A T gene fragm en t. H ow ever, the  resu lt w as 
n o t satisfactory  it looked  as i f  none o f  the in se rts  hybrid ized  to  the E. co li 
G O G A T  probes. T h e  reason  perhaps w as any o f  the  follow ing:
A. M o st inserts in  cD N A  clones w e re  too  sm all due to  m R N A  
bein g  degraded.
B . S P 6  tra n sc rip tio n  p ro b e  w a s  n o t fu ll  le n g th , e i th e r  
deg rada tion  ocu rred  o r transcrip tion  w as stopped  a t several term inators.
C . P robe m ade from  E .co li G O G A T  gene does n o t recognize the 
p la n t G O G A T  and  the co lony  hybridization re su lt w as spurious.
T o  ob ta in  cD N A  clones encoding N A D H -G O G A T  gene o f  roo t 
nodu les o f  P .vu lgaris  w as the  o rig inal aim  o f  m y  Ph.D  project. B ecause o f  
th e  large size o f  the  enzym e, low  abundance in  so luble pro te ins o f  the root 
n o d u le s , in s ta b ili ty  o f  th e  enzym e and n o  su ita b le  p robe  ava ilab le , n o  
c lo n es  encod ing  N A D H -G O G A T  gene w as ob ta ined . H ow ever N A D H - 
G O G A T  clones could  be obtained from  the fo llow ing  d ifferent strategies:
a. C o n s tru c t a  cD N A  library  in  ex p ress io n  vec to r L am b d a  
v ec to r g t l l .  T he  exp ress ion  library  cou ld  then  be screened w ith  N A D H -
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G O G A T antibody.
b . S eq u en ce  N A D H -G O G A T  p ro te in  an d  sy n th es iz e  an 
o ligonucleo tide  to  screen cD N A  library.
c . H ybrid  select tran sla tion  o f  ba tches o f  5 0 -1 0 0  c lones and 
identify  th e  products w ith N A D H -G O G A T  antibody.
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Concluding Discussion
E vidence has show n  that N A D H -G O G A T  and F d -G O G A T  are 
tw o  d is tin c t enzym e p ro te in s . F rom  A . thaliana  m utan ts and  barley  
m u tan ts , fe r re d o x in -  a n d  N A D (P )H -d e p en d en t g lu tam ate  sy n thase  
appear to  be coded fo r  b y  different genes (Suzuki and G adal 1984). The 
re la tio n sh ip  b etw een  th e  tw o  fo rm s o f  G O G A T  in  ro o t n o du le s  in  
relation to  am m onium  assim ilation  is n o t clear. N A D H -G O G A T  in  root 
nodules has been  rep o rted  to be induced  in  parallel w ith  the  ac tiv ity  o f  
n itro g en  du rin g  n o d u la tio n  (R o b ertso n  c t al. 1975), su ggesting  an 
o vera ll ro le  o f  th is  e n z y m e  in  n itro g e n  fixa tion . M oreover, in  ou r 
expe rim en ts  N A D H -G O G A T  from  b o th  P. vulgaris  and soybean  root 
nodules w ere  found  to  b e  m ore active th a n  F d -G O G A T . This suggests 
tha t N A D H -G O G A T  p robab ly  p lays a  m o re  im portan t ro le than  F d -  
G O G A T in am m onium  assim ilation in  ro o t nodules.
W e have d iscovered  that N A D H -G O G A T  occurs as tw o distinct 
isoenzym es in  the p lan t fraction  o f  roo t nodu les  o f  P.vulgaris. Evidence 
fo r  th is  s ta tem e n t a re  1). tw o N A D H -G O G A T  ac tiv ity  peak s  can  
reproducib ly  be separa ted  from  crude n o d u le  extracts by  ion -ex ch an g e  
ch rom atography  and as e a ch  peak re ru n s  in  its o rig inal position  on  the 
co lum n (F ig  3.2.). It appears that the tw o  activ ities are separate en tities 
and  are  n o t in te rc o n v e rtib le  in  c e l l - f r e e  e x trac ts , 2). th e  k in e tic  
p roperties o f  the tw o ac tiv ities  show  s lig h t d ifferences (T ab le 4 .3 .). 3)
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th e  tw o  ac tiv ities are  regu la ted  d iffe ren tly  d u rin g  nodu le  developm ent 
(F ig  6 .2 .) and  4 )  th e  ce llu la r  lo c a tio n s  o f  th e  tw o  N A D H -G O G A T  
iso en zy m es in  n o d u le s  a re  d if fe re n t (F ig .5 .4 .an d  F ig .5 .5 .) . I t is 
ex trem ely  un like ly  tha t e ith e r o f  the  tw o  N A D H -G O G A T  isoenzym es 
arise  from  the bac te ro id  frac tion  o f  the nodule b ecau se  o f  the  follow ing 
reasons: 1) C are w as taken  not to  ex trac t the bac tero id s , w hich  pellet in 
the  centrifugation  o f  the  crude no d u le  extracts (A w onaike c t  al. 1981, 
S u z u k i e t al. , 1 9 8 4 ), an d  a  m a rk e r  en z y m e  o f  b a c te ro id s , p -  
h y d ro x y b u ty ra te  re d u c ta se  c o u ld  n o t b e  d e te c te d  in  th e  ex trac ts , 
in d ica tin g  th a t th e re  w as n o  b ac te ro id s  c o n ta m in a tio n . 2) It has 
p rev io u sly  b ee n  sh o w n  th a t m o s t  ac tiv ity  o f  N A D H -G O G A T  in  
P. vu lgaris  n o du le s  occu rs  in  th e  p la n t ce ll cy to p lasm  and  very little 
ac tiv ity  is a sso c ia ted  w ith  th e  b ac te ro id s  (A w o n a ik e  c t al. 1981). 
R ec en t ex p e rim en ts  h ave  d em o n stra ted  th a t th e  N A D H -G O G A T  is 
p resen t only in h o s t p lan t ce lls , an d  absent from  bac tero ids (Suzuki and 
G ad a l 1984). 3 ) T h e  s truc tu re  a n d  coenzym e sp ec ific itie s  o f  the tw o 
isoenzym es are s im ila r to  o th e r p la n t N A D H -G O G A T s and not to  m ost 
bacteria l G O G A T s (S uzuk i and  G ad a l 1984).
D ete rm ination  o f  the  m o lecu la r  w eights o f  the  tw o  isoenzym es 
b y  S D S -p o ly a c ry la m id e  g e l  e le c tro p h o re s is  an d  g e l - f i l t r a t io n  
ch ro m a to g rap h y  h a s  sh o w n  th a t  b o th  iso en z y m es  h av e  the sam e 
m olecu lar w eight o f  ab o u t 2 0 0 ,0 0 0  fo r  their n a tiv e  form  an d  denatured 
fo rm . Therefore the  tw o  iso en zy m es a re  both m onom eric  pro teins. The 
m o lecu lar w eigh ts o f  these tw o  isoenzym es a re  th e  sam e as the M r o f
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N A D H -G O G A T  from  a lfa lfa  root n o d u le s  (A nderson e ta / ,  in press) 
and  s im ila r to  the M rs determ ined  fo r  N A D H -G O G A T s iso la ted  from  
o th e r h ig h e r plants and  C h la m y d o m o n a s  (Suzuki and  G adal 1984). A 
slig h t d iffe ren ce  in  the  e lu tion  p o s itio n  o f  the tw o  isoenzym es was 
o b served  from  the H PL C  gel f iltra tio n  co lum n  (F ig .3 .3 .) but w hether 
th is  d iffe rence  in elu tion  position  re flec ts  ac tual d ifferences in  the ir Mrs 
is  uncertain ; no  d iffe rence could  be d e tec te d  in the ir positions on S D S - 
p o ly a c ry la m id e  g e ls  (F ig .4 .6 .) . K in e t ic  ch a ra c te ris tic s  o f  th e  tw o 
N A D H -G O G A T  isoenzym es from  P .v u lg a r is  fa ll w ith in  the range of 
v a lu es  o b ta in ed  fo r  th e  k in e tic  p ro p e r t ie s  o f  o th e r p la n t N A D H - 
G O G A T s. H ow ever, a  com parison  o f  th e  k inetic  characteristics o f  the 
tw o  P .v u lg a r is  N A D H -G O G A T s h a v e  rev ea led  severa l d ifferences, 
no tab ly  in  the ir Km s fo r L -g lu tam in e . 2 -o x o g lu ta ra te  and N A D H  and in 
th e ir  pH  op tim a (T ab le 4 .2 ). T he d iffe re n ces  in  kinetic properties o f  the 
tw o  N A D H -G O G A T  activities confirm ed  tha t they w ere tw o  isoenzymes 
and  they m igh t play d iffe ren t physio log ica l roles in the roo t nodules.
T h e  ac tiv ities o f  bo th  iso en zy m es  w ere found  to  be strongly 
d ep en d en t on N A D H  as reductant; o n ly  a  very  low  ac tiv ity  coyld  be 
suppo rted  by  N A D PH  (T ab le  4 .3 .) an d  n e ith e r  isoenzym e show ed any 
a c tiv ity  w ith  fe rred o x in . T h e  re d u c ta n t sp ec ific itie s  o f  these tw o 
iso en zy m es are the refo re  sim ilar to  th e  specific ities o f  o th e r pyridine 
n u c leo tid e  dependen t G O G A T s tha t h a v e  been pu rified  from  higher 
p lan ts  and  C hla m yd o m o n a s  (M arquez e t  al. 1984, M atoh  era/. 1979,
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1980, R obertson  c t  al. 1975). S tu d ie s  on  the e n z y m e  iso la ted  from  
etio la ted  pea shoots (M atoh and  T akahash i 1980) a n d  C hlam ydom onas  
(C ullim ore and S im s 1981, M arquez c t al. 1984) h a v e  shown that neither 
F A D , FM N  o r ferredox in  could support activity , a lthough  some activ ity  
w as de tec ta b le  w ith  red u ced  m e th y l v io lo g en . W e have n o t ye t 
de term ined  w h e th e r th is artif ic ia l e lec tro n  d o n o r  can  substitu te  fo r  
N A D H  in  th is  assay . T here h ave  b ee n  m any rep o rts  o f a  G O G A T  
activ ity  in  h ighe r p lan ts  w hich is n o n -sp e c ific  fo r  N A D H  and N A D P H  
(S uzuk i and G adal 1984). W he ther such  a  th ird  ty p e  o f  h igher p la n t 
G O G A T  ac tu a lly  ex is ts  is s till n o t c lea r, as a n  enzym e w ith  th is  
characteristic has n o t yet been purified .
It is in teresting  to  no tice tha t severa l c e ll fractionation  stud ies, 
inc luding  w ork  on  cow pea nodu les (S help  c t al.. 1983), have ind icated  
tha t N A D H -G O G A T  activ ity  m ay  b e  p resen t in  th e  cytosol in  add ition  
to  the plastids and M urillo  c t al. (1985) h a v e  speculated on  the 
possibility  tha t these ac tivities m ay  belong  to  separate  isoenzym es. From  
o u r experim ents w e have show n tha t N A D H -G O G A T  is present as tw o  
isoenzym es, h o w ev er, these tw o  iso en zy m es w e re  bo th  found  to  be 
located  in p lastid s b u t perhaps in  d iffe ren t ce ll ty p e s . N A D H -G O G A T  
II is  p robab ly  p re sen t in  p lastid s o f  in n e r  ce n tra l infected  ce lls  and  
N A D H -G O G A T  I m igh t be present m a in ly  in  p lastid s in  the outcrcortex 
ce lls . The fo llo w in g  observations co u ld  support th e se  suggestions: 1) 
A ctivities o f  the tw o  isoenzym es o f  N A D H -G O G A T  w ere both obtained 
in  the p lastid  frac tion  o f  inner cen tra l ce lls  and  N A D H -G O G A T  II w as
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th e  m a jo r fo rm  (the ra tio  fo r  N A D H -G O G A T  II and  N A D H -G O G A T  I 
w as  6 :1) 2) the  recoveries o f  tw o  N A D H -G O G A T  isoenzym es in  this 
experim en t w ere found to  b e  d ifferent, N A D H -G O G A T  I w as recovered 
ab o u t 42%  \flhich w as s im ila r to  the recove ries  o f  tw o  p la s tid  m arker 
enzym es, p lastid  G S an d  phosphog lycera te  dehydrogenase , suggesting  
th a t these th ree  enzym es are  possib ly  located  in  the  sam e ty p e  o f  cells 
w h ils t  ab o u t 75%  o f  N A D H -G O G A T  II  w as  reco v e red . N A D H - 
G O G A T  II w as a  m a jo r fo rm  com pared  to  N A D H -G O G A T  I and 
appeared  to  be  nodule specific  enzym e. Shelp  e t al. (1983) and  H anks e t  
al. (1 9 8 3 ) rep o rted  th a t th e  m a jo rity  o f  th e  ac tiv ity  o f  enzym es 
associa ted  w ith  N H 4+ assim ila tion  w as in  th e  p lastid s o f in fe c ted  cells. 
B ased  on the  result o b ta ined  b y  R eynolds e t  al. (1988) tha t A A T -P 2 , a 
n o d u le  sp ec ific  iso en zy m e fo r  am m onia  a ss im ila tio n  w as lo c a ted  in 
p lastid s o f  in fected  ce lls , it  cou ld  be specu lated  tha t N A D H -G O G A T  II 
is p robab ly  a lso  located  in  in fec ted  cells. 3) A b o u t a third o f  N A D H - 
G O G A T  ac tiv ity  w as fo u n d  to  be in o u te rc o rte x  o f  ro o t nodu les 
com pared  to  to ta l activ ity  from  root nodules and  N A D H -G O G A T  I was 
fo u n d  to  be the  m ajo r fo rm  (the ratio  fo r N A D H -G O G A T  I an d  N A D H - 
G O G A T  n  w as 2:1).
N A D H -G O G A T  w as ob ta ined  in  the  cy to so l f rac tio n  and  the 
p ercen tage  o f  N A D H -G O G A T  activ ity  in d ie  cy to so l w as o bserved  to 
b e  abou t the sam e as tha t o f  plastid  m arker enzym es. This suggested  that 
th e  ac tiv ity  o f  N A D H -G O G A T  in  the cy to so l w as due to  th e  breakage 
o f  p lastids, ye t we can  n o t ru le ou t the possib ility  that N A D H -G O G A T
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m ig h t be also  p resen t in  the cytosol.
15% o f  ac tiv ity  o f  N A D H -G O G A T  in  p lastid  fraction  from  the  
c e n tra l tissu e  b e lo n g ed  to  N A D H -G O G A T  I , w h ich  cou ld  n o t b e  
exp lained  by con tam ination  o f  ce lls o f  outercortex  because extrem e ca re  
w as taken w hen  in n e r  cen tra l c e lls  w ere  ex trac ted  fro m  nodules. I f  a 
m a rk er enzym e from  outercortex  ce lls  w ould  be assayed , the degree o f  
co n tam in a tio n  sh o u ld  be ca lcu la ted . T h u s w e co u ld  specu late  th a t 
N A D H -G O G A T  I m igh t be a lso  p resen t in  in n e r cen tra l cells o f  ro o t 
nodu les. Shelp  e t  al. (1983) observed  tha t ac tiv ities o f  enzym es re la ted  
to  N H 4+ ass im ila tion  w ere a lso  p re sen t in  the u n in fected  cell frac tion , 
b u t these ac tiv ities  cou ld  be accoun ted  fo r  b y  con tam ination  o f  1% to  
2%  w ith  in fec ted  ce lls , excep t f o r  G O G A T , de  novo  purine  syn thesis  
enzym es, and  u ricase . This w ork  suggested  tha t N A D H -G O G A T  cou ld  
be located  in  u n in fected  cells. S chubert (1986) p roposed  tha t low  levels  
o f  G O G A T  an d  p u rin e  b io sy n th e tic  enzym es a re  requ ired  fo r n o rm a l 
fu n c tio n  o f  a ll c e lls  and  perhaps  in  P. vu lg a ris  th is activ ity  is due  to  
N A D H -G O G A T  I. T h e  m ain  ro le  o f  G O G A T  in nodules is undoubtedly  
to  w o rk  in  c o n ju n c tio n  w ith  G S  to  a s s im ila te  th e  n e w ly - f ix e d  
d in itrogen , a  ro le  show n by labelling  data  (M iflin  and Lea 1980, 
S chubert 1986). G O G A T  how ever a lso  has m inor ro les in , for exam ple, 
the  assim ila tion  o f  am m onia  from  p h en y l p ropano id  m etabo lism  an d  
a m in o  ac id  c a ta b o lism . T h e  o c c u rre n c e  o f  tw o  N A D H -G O G A T  
isoenzym es m igh t be o f  s ign ificance to  accom plish  all these functions.
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It cou ld  be p roposed  th a t the  tw o N A D H -G O G A T  isoenzym es had  
d ifferent ro les in  these p rocesses resulting from  diffe ren t localization o f  
tw o isoenzym es in  roo t nodu les. N A D H -G O G A T  II m ight be m ain ly  
responsib le fo r assim ila ting  am m onium  from  din itrogen fixation, w hilst 
the ro le  o f  N A D H -G O G A T  I m igh t b e  to  ass im ila te  am m onium  
produced from  other ce llu la r  reactions.
H ow ever, G S, th e  firs t enzym e responsib le  fo r  assim ilation o f  
am m onium  produced  du rin g  sym biotic n itrogen  fixa tion  in  the nodule , 
w as fo u n d  a lm o st e n t ire ly  in  the  so lu b le  f ra c tio n  o f  the  n o d u le  
(A w onaike e ta / .  1981, B o lan d  e t al. 1982). T here is a lso  evidence on 
G S localiza tion  using  im m unogo ld  labelling  tha t G S  is located in  the 
cytosol o f  infected  ce lls (V erm a c t al. 1985). Because o f  the crucial ro le 
o f  G S in  assim ilating  am m on ium  in to  o rgan ic  fo rm , it appears tha t a 
cy to so lic  location  is  rea so n ab le  and e ffe c tiv e  in  p reven ting  a tox ic  
bu ild  up o f  am m on ium . H ow ever, N A D H -G O G A T  II appears to  be  
located  m ain ly  in  the p la s tid  o f  inner tissue toge ther w ith  m ost o f  o ther 
nodu le  sp ec ific  am m on ium  assim ilating  enzym es in  the  tw o transport 
pathw ays (asparag ine an d  ureides). P lastids m igh t h ave  a  satisfactory 
env ironm ent and p ro tec ting  system  in m ainta in ing  ac tiv ities o f all those 
unstab le enzym es such as N A D H -G O G A T  and the enzym es o f purine 
synthesis. Therefore, it cou ld  be draw n the conclusion  tha t plastids is an 
im portan t organelle  in am m on ium  assim ila tion  in  roo t nodules. These 
observations could suggest tha t there is a  physica l separation o f  the tw o 
en z y m es  o f  the  g lu ta m a te  sy n th ase  c y c le  th ro u g h  s u b -c e l lu la r
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com partm en tation . B ased  on the  observations on  d iffe ren t locations o f  
tw o  isoenzym es o f  N A D H -G O G A T  in  ro o t nodu les  o f  P .vu lgaris  and 
the m ode l presented  by S chubert (1986) fo r the pathw ay and  subcellular 
loca liza tio n  o f  am id e  syn thesis  and  u re id e  b iog en esis  in  nodu les o f 
u r e id e -p ro d u c in g  le g u m es , a  p ro p o sed  p a th w a y  o f  am m on ium  
m etabo lism  in  ro o t nodules o f  P .vu lg a ris  L . cou ld  be sum m arized  as
fo llow s:
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F ig  8 .1 .Proposed pathways of ammonium metabolism in root nodules of
P. vulgaris L .
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D uring nodu la tion  o f  P. vulgaris  the specific  ac tiv ity  o f  N A D H - 
G O G A T  has been  show n to  increase abou t 2 7 -fo ld  and  from  Fig 6.3 it 
c a n  b e  seen  th a t th is  inc rease  is due  la rge ly  to  th e  p roduction  o f  
N A D H -G O G A T  II. M oreover in  P .vu lgaris  th e  increase in a c tiv ity  o f 
G S  d u rin g  nodu la tion  occurs v ia  the  p roduction  o f  a  nodu le  specific 
is o e n z y m e  (L ara e ta ! ..  1983). T hus, bo th  enzym es o f  the am m o n ia - 
a s s im ila to ry  g lu tam a te  syn thase  cy c le  in  P. v u lg a r is ,  appear to  be 
re g u la te d  to increase the ir ac tiv ities in roo t nodu les by  the increase in 
a c t iv i ty  o f  sp ec ific  iso en zy m es. F o r G S , th e  ap p earan ce  o f  th is  
is o e n z y m e  has b ee n  show n to  be the  re su lt o f  the  n o d u le -sp e c ific  
in d u c tio n  o f  one g ene  from  the  fo u r-m e m b e r G S  m ultigene fam ily  in 
th is sp ec ie s  (C ullim ore and B ennett, 1988). W he ther the appearance o f  
N A D H -G O G A T  II during  n o du la tion  is a lso  the  resu lt o f  a  n o d u le - 
s p e c if ic  gene indu c tio n  rem ains to  b e  determ ined . A t p resen t we are 
u n su re  w hether N A D H -G O G A T  II is  tru ly  n o d u le -sp e c ific  as the total 
N A D H -G O G A T  ac tiv ity  in  roots and  o ther organs appears to  be very 
low  a n d  to  be m ain ly  com posed o f  N A D H -G O G A T  I  (Fig 6.17.).
T h e  e ffe c t o f  A r :0 2  tre a tm en t o f  n o d u la ted  ro o t system  of 
P .v u lg a r is  was found  to  b e  s im ila r to  the  w ork  fo r  lupin and cow pea 
(A tk in s  c t  al. 1984). T hey  rep o rted  tha t the  ac tiv itie s  o f  enzym es 
in v o lv e d  in the am m onium  ass im ila ting  pathw ay  such as glu tam ine -  
u ti liz in g  enzym es, G O G A T , asparag ine syn thetase  and de novo purine 
sy n th e s is  enzym es w ere  a ll d ram atica lly  reduced  w hen nodules w ere 
g ro w n  o n  A r:0 2 -  T h ey  suggested  th a t a  fa r-re a c h in g  e ffec t o f  the
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p roduction  o f  am m on ium  by bac tero ids on  a  w ide range o f  enzym es 
m ight be p o ss ib ly  th rough control o f  pro te in  turnover, ra ther than  a high 
specific e f fe c t o f  am m onia . In o u r experim en t, cu ltiva tion  o f  nodulated 
P. vu lgaris  in  A r :0 2  an d  in the  absence  o f  any o th e r exogenous N 
source ac co rd in g ly  resulted  in the  so luble pro te ins in  nodule p lant cells 
and N A D H -G O G A T  ac tiv ity  bein g  reduced  (F ig 6 .13 .). T h e  specific 
ac tiv ity  o f  N A D H -G O G A T  II w as red u ce d  d ram atica lly  w h ils t the 
specific ac tiv ity  o f  N A D H -G O G A T  I w as sligh tly  reduced. T h e  activity 
o f  tw o iso en z y m es  o f  N A D H -G O G A T  from  nodules fo rm ed  w ith F ix “ 
m utant o f  R h i z o b iu m  C E  108 w as found  to  be reduced  a t  the sam e 
degree a s  th a t in  nod u le s  fo rm ed  w ith  w ild  type R h i z o b iu m  under 
A r :0 2  tre a te d  p lan ts . In  Ar: 0 2  g row n nod u le s, n itrogen  fixa tion  was 
absent b e c a u se  o f  no  d in itrogen  supp lied . In  C E 108  m u tan t form ed 
n o d u le s , n i t ro g e n  fix a tio n  w as a lso  a b s e n t b u t due  to  la ck ing  
nitrogenase. W h e n  exogenous N H 4+  w as g iv en  to  the nodu les, N A D H - 
G O G A T ac tiv ity  w as n o t increased bu t d ec lined  fo r bo th  ca ses . A ll the 
o b serva tions  su g g es t th a t n itrogen fix a tio n  itse lf  b u t n o t the  p roduct 
am m onia  c o u ld  reg u la te  the le v e l o f  N A D H -G O G A T  ac tiv ity . T he 
supplied  e x o g e n o u s  N  from  N H 4+  d id  n o t overcom e N  d efic iency  but 
caused  the  sen escen ce  o f  root nodu les. The e ffec t o f  supplied  N H 4+ on 
A r :0 2  tre a ted  nodu la ted  root system  w as fo u n d  to be sligh tly  different 
from  N O 3 “  rep o rted  by  A tkins c t  al. (1984) fo r  cow pea nodu les. They 
reported  th a t ad d itio n  o f  N O 3” to  A r :0 2  p la n ts  initia lly  ca u sed  protein 
increase in  p la n t frac tions  o f nodules but n o t bacteroid p ro te in  and this
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w as fo llo w e d  by  senescence  of the no d u le s. T hey exp lained  tha t the 
ex tra  N  en te r in g  the n o d u le  from  the  h o s t fo llow ing  assim ilation  o f 
N O 3 -  w as readily  ava ilab le  fo r p la n t-ce ll p ro te in  synthesis but d id  not 
reach  the  b ac te ro id s  o r w a s  not read ily  u ti liz ed  in  th e ir  m etabolism . 
T herefo re senescence w as n o t prevented desp ite  the sufficiency o f  N  in 
these no d u le s. In the ca se  o f  NH4+ su p p lied , nodu le  so luble pro te ins 
w ere m arked ly  reduced and  senecence occu rred  soon after giving N H 4+; 
it could be due  to  either th e  toxic effect o f  N H 4+  to  the p lant cells o r the 
induction  o f  roo t nodule senescence by  th e  supp lied  N H 4+. A pplied N , 
e ith e r N O 3 “  o r  N H 4+ co u ld  cause n odu le  senescence  possib ly  due  to 
n o d u le  se n s itiv ity  to  a p p lie d  N  as ro o ts  d o  n o t senescence  by th is  
treatm ent. T h e  effec t o f  N H 4 +  on nodules fo rm ed  w ith  CE108 w as also  
found to  b e  sim ilar to  n o du le s  o f A r :0 2  g ro w n  plants. T he observation 
w as in  ag ree m en t w ith  th e  results o f  ch a n g es  in ac tiv ities o f  nodu le  
enzym es o f  am m onium  assim ilation  in  an  ine ffec tive  genotype o f alfa lfa  
[M nSa(In)] repo rted  by G ro a t and V ance  (1982 ). T hey  reported  tha t 
nodule p ro te in s  w ere red u ce d  in response to  applied  N  and the specific  
activ ity  o f  G S  and G O G A T  either decreased  o r  rem ained constant. T he 
specific ac tiv ity  o f  N A D H -G O G A T  w as fo u n d  to be reduced especially  
N A D H -G O G A T  II in o u r  experim ents in  co rre la tion  w ith  the la ck  o f 
n itrogen fix a tio n  in root nodu les.
H ow ever, note tha t N A D H -G O G A T  w as induced to  some extent 
in  both  A r :0 2  grow n p lan ts  and F ix" m u tan t form ed nodu les, although 
the level o f  bo th  isoenzym es was decreased  com pared  to  norm al fixing
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nodules. This re s u lt  obtained in o u r  experim ent w as a lso  in  agreem ent 
w ith the results ob ta ined  by L u llien  e t al. (1987) and S engup ta -G opalan  
and Pitas (1986 ). T hey  observed th a t the induction  o f  nodu le  specific 
G S and n o d u le -sp e c if ic  genes w a s  independen t o f  n itro g en  fix ing  
activity . T h e re fo re , it could be p ro p o sed  that som e facto rs p resen t in 
e ither R h iz o b iu m  o r  plant ce lls  o f  the  nodule, m ig h t be in vo lved  in 
regulating the in itia l expression o f  genes o f  n itrogenase, nodu le -specific  
GS and N A D H -G O G A T  II.
From  th e  studies on tw o isoenzym es o f N A D H -G O G A T , it can 
be seen tha t it  is  im portan t to  ob ta in  cD N A  clones cod ing  fo r  N A D H - 
G O G A T o f  P .v u lg a r is  to  study th e  expression  o f  tw o  isoenzym es o f 
N A D H -G O G A T , to  determ ine th e  num ber and  s tru c tu re  o f  genes 
encoding N A D H -G O G A T  in  P .vu lg a ris  and to  e lucidate  the m olecular 
m echanism s reg u la tin g  the en zy m es  in  the g lu tam a te  syn thase cycle. 
Because o f  the  la rg e  size o f  the e n z y m e  and p rob lem s w ith p robes, we 
have n o t o b ta in e d  c lones en c o d in g  N A D H -G O G A T . H o w e v e r  as 
an tiserum  has b e e n  obtained  an d  th e  b iochem ical p ro p erties  o f  the 
enzym e has b ee n  stud ied , s ev e ra l strategies ca n  be used to  attem pt 
to  isolate cD N A  c lo n es  encoding N A D H -G O G A T  genes in the fu ture.
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